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THE INFLUENTIAL ASPECTS OF ATMOSPHERIC DISTURBANCES 
ON SPACE VEHICLE DESIGN USING STATISTICAL 

APPROACHES FOR ANALYSIS 

SUMMARY 

The i n f l u e n t i a l  a s p e c t s  of va r ious  wind p r o f i l e  d i s tu rbances  on 
the dynamic response of t he  v e h i c l e  are considered.  P a r t i c u l a r  emphasis 
is  given t o  s e p a r a t i n g  the in f luence  of wind s h e a r s , ' t u r b u l e n c e  and 
quasi-s teady wind speed on the dynamic response du r ing  the  boost  phase 
of  f l i g h t .  Four hundred and seven i n d i v i d u a l  d e t a i l e d  (Jimsphere) wind 
p r o f i l e s  a re  the primary wind i n p u t s ,  a l though the MSFC s y n t h e t i c  pro
f i l e  is  a l s o  d i scussed .  The time response t o  each p r o f i l e  is run and a 
s t a t i s t i c a l  a n a l y s i s  made. Severe p r o f i l e s  a r e  ranked i n  terms of t h e  
bending moment a t  two v e h i c l e  s t a t i o n s  f o r  the Sa tu rn  V v e h i c l e .  The 
in f lqence  of r e s u l t s  on v e h i c l e  design and f l i g h t  o p e r a t i o n a l  procedures 
is determined. 

1. INTRODUCTION 

Launch v e h i c l e  des ign  and f l i g h t  o p e r a t i o n  procedures a re  d i c t a t e d  
by many e x t e r i o r  d i s t u r b a n c e s  and f l i g h t  c o n s t r a i n t s .  A major d i s t u r b 
ance occurs f o r  launch v e h i c l e s  i n  space s h o t s  because,  i n  g e n e r a l ,  they 
experience maximum dynamic p res su re  du r ing  an  a l t i t u d e  of high wind 
v e l o c i t y  and tu rbu lence .  Thus', i n f l i g h t  a tmospheric  winds become a 
major c o n s i d e r a t i o n  i n  vehicle  design and o p e r a t i o n .  The problems t o  
be considered because of t h e s e  d i s tu rbances  a r e  (1) s t r u c t u r a l  des ign ,  
( 2 )  c o n t r o l  system des ign ,  ( 3 )  s l o s h  b a f f l e  des ign ,  and ( 4 )  o p e r a t i o n a l  
procedures such as wind r e s t r i c t i o n s ,  t r a j e c t o r y  b i a s i n g ,  and prelaunch 
monit o r  ing . 

These d e f i n i t i o n s  a r e  complicated by the u n p r e d i c t a b i l i t y  of the 
v e h i c l e  c h a r a c t e r i s t i c s  , which r e q u i r e s  s t a t i s t i c a l  des ign  s t u d i e s  based 
on a 3 0  v a r i a t i o n  of a p p r o p r i a t e  parameters .  S t a t i s t i c s  of t he  wind 
i n p u t  incr ,ease the s t u d y  e f f o r t s  as a t t empt s  are made t o  d e f i n e  the  wind 
components (speed, s h e a r ,  g u s t )  and t h e i r  i n f luence .  Previously,  t he  
MSFC s y n t h e t i c  wind p r o f i l e  has been used f o r  t h i s  d e f i n i t i o n .  Although 
i t  is  a s i m p l e  i n p u t  t o  use ,  t h e r e  is a s h o r t a g e  of  r e a l  information on 
the e f f e c t s  of v a r i o u s  wind components on v e h i c l e  response.  I n  some 
cases , misleading information has been obtained through misuse of the 
approach. For example, the u s e  of load r e l i e f  u s ing  body-fixed 



accelerometers  showed a 20 pe rcen t  r e d u c t i o n  i n  bending moment when con
t r o l  system ga ins  were programmed using t h e  s y n t h e t i c  p r o f i l e .  Using 
many i n d i v i d u a l  winds produced only a 7 pe rcen t  r educ t ion  i n  moment f o r  
t he  same system. I n  a t t empt s  t o  overcome these  problems many approaches 
have been used f o r  wind d e f i n i t i o n s ,  v e h i c l e  models, and a n a l y s i s .  
Although all of these  have added information t o  o v e r a l l  v e h i c l e  response 
and wind i n t e r a c t i o n ,  they l ack  c o n t i n u i t y  and a clear base. 

This s tudy  a t t empt s  t o  e l i m i n a t e  t h e s e  b a s i c  shortcomings by using 
(1) a n  adequate  v e h i c l e  model; (2 )  c o n s i s t e n t  wind inpu t s  and turbulence 
d e f i n i t i o n ,  (3)  a c c u r a t e  procedures f o r  a n a l y s i s  , and ( 4 )  c o n s i s t e n t  
c r i t e r i a  f o r  e v a l u a t i o n  of e f f e c t s .  

This s t u d y  s a t i s f i e s  t he  v e h i c l e  model requirement by using a 
d e t a i l e d  mathematical  model of t he  t o t a l  v e h i c l e  dynamics inc lud ing  bend
ing dynamics and p r o p e l l a n t  o s c i l l a t i o n s .  To s a t i s f y  the wind f i e l d  
requirements,  t h e  ind iv idua l  wind p r o f i l e s  have been sepa ra t ed  i n t o  low 
frequency components (magnitude) and h i g h  frequency components ( tu rbu lence ) .  
This r e s u l t s  i n  t h r e e  p r o f i l e s ,  t he  u n f i l t e r e d ,  f i l t e r e d ,  and tu rbu lence ,  
f o r  use i n  s tudy ing  v e h i c l e  responses.  

So lu t ions  of the v e h i c l e  responses were obtained using the  fol lowing 
t h r e e  procedures:  (1) numerical i n t e g r a t i o n  of t he  equations of motion, 
(2)  analog computer s o l u t i o n ,  and (3) gene ra l i zed  harmonic a n a l y s i s  f o r  
t h e  turbulence p o r t i o n .  Vehicle response is  evaluated i n  terms of v e h i c l e  
response parameters,  ang le  of a t t a c k ,  engine d e f l e c t i o n ,  bending moment, 
and u n i t  compressive load. 

The a n a l y s i s  shows t h a t  turbulence has a s i g n i f i c a n t  i n f luence  on 
the  bending moment i n  a r e a s  where t h i s  moment is dominated by bending 
dynamics. 

II. SIMULATION 

A. Vehicle Model 
A complete s imula t ion  of a launch v e h i c l e  during atmospheric 

f l i g h t  r e q u i r e s  t he  simultaneous gene ra t ion  of t he  t r a j e c t o r y ,  wind 
i n p u t s ,  and v e h i c l e  dynamics. Since t h i s  much d e t a i l e d  s imula t ion  
r e q u i r e s  l a r g e  amounts of computer time o r  excess ive  analog equipment, 
a complete s imula t ion  is  imprac t i ca l  f o r  gene ra l  parameter s t u d i e s .  A 
s i m p l e r  and more a c c u r a t e  approach can be used i f  i t  is assumed that the  
v e h i c l e  dynamics due t o  wind d i s tu rbances  do no t  a l t e r  the t r a j e c t o r y .  
This assumption is good f o r  the yaw plane.  Under these cond i t ions ,  t he  
o r i g i n  of t h e  coord ina te  system is chosen t o  be a t  the undisturbed 
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v e h i c l e  c e n t e r  of g r a v i t y  and i t s  o r i e n t a t i o n  along the  tangent  t o  the 
t r a j e c t o r y  p o i n t i n g  i n  the  direction of the nominal t h r u s t  v e c t o r .  The 
t r a n s l a t i o n  of t h e  coord lna te  system is el iminated by r e p l a c i n g  i t  wi th  
a n  equ iva len t  g r a v i t a t i o n a l  f i e l d .  The slow r o t a t i o n  of t he  coordinate  
system fol lowing the  t r a j e c t o r y  is n e g l i g i b l e .  Since t h e  v e h i c l e  is 
symmetrical ,  no cross-coupl ing between p i t c h  and yaw planes i s  p r e s e n t ;  
t hus ,  t h e  assumed yaw plane a n a l y s i s  is a p p l i c a b l e . ( F i g u r e  1). 

Y 

Figure 1. Coordinate System 

Acting on t h e  v e h i c l e  a r e  aerodynamic, t h r u s t ,  and c o n t r o l  f o r c e s .  
The aerodynamic f o r c e s  measured or  c a l c u l a t e d  along t h e  l o n g i t u d i n a l  
v e h i c l e  a x i s ,  a r e  quasi-s teady,  based on normal f o r c e  d i s t r i b u t i o n ,  and 
a r e  considered t o  vary l i n e a r l y  w i t h  t h e  l o c a l  ang le  of a t t a c k .  Because 
g u s t  p e n e t r a t i o n  and l i f t  growth e f f e c t s  are s m a l l  f o r  Sa tu rn  V, t hey  are 
neglected.  The t h r u s t  f o r c e  i s  provided by f i v e  l i q u i d  p r o p e l l a n t  
engines ,  fou r  of which swivel  t o  provide the  l a t e r a l  c o n t r o l  f o r c e ,  
which is d i scussed  i n  Sec t ion  V. 

3 



The l i q u i d  p r o p e l l a n t  dynamics a r e  r ep resen ted  by an  equ iva len t  
mechanical model c o n s i s t i n g  of an  assembly of s p r i n g s ,  dashpots ,  masses, 
and i n e r t i a l  d i s c s  arranged i n , s u c h  a way as t o  r e p r e s e n t  dynamic 
behavior of the s l o s h i n g  l i q u i d  (Figure 2) .  This model e x a c t l y  d u p l i 
c a t e s  t h e  f o r c e s  and moments determined from the  hydrodynamical s o l u 
t i o n ,  and a c c u r a t e l y  reproduces the  o s c i l l a t i n g  f l u i d  i n s o f a r  as t h e  
assumptions made f o r  t he  hydrodynamic. 'solutions are val id  f o r  a n  incom
p r e s s i b l e  t r r o t a t i o n a l  f l u i d  w i t h  only small d i s tu rbances  allowed. The 
e f f e c t s  of s l o s h i n g  on bending (and vcice v e r s a ) ,  which a r e  assumed t o  
a c t  through t h e  s l o s h  mass a t t a c k  p o i n t  and s p r i n g ,  should be a c c u r a t e  
as long as l o c a l  loads a r e  of no concern. 

= & tanh &
Ms +y- of  O f  

I c/2 c/2 I 

Figure 2 .  Slosh Model 
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The bending e f f e c t s  of t he  launch v e h i c l e  s t r u c t u r e  are 
approximated by the  s u p e r p o s i t i o n  of s e v e r a l  f r e e - f r e e  normal mode 
shapes by 

which d e f i n e s  the displacement of t he  v e h i c l e . c e n t e r l i n e  (Figure 3 ) .  
The normal modes a r e  computed w i t h  the  swivel ing engine masses removed, 
b u t  t h e  l i q u i d  p r o p e l l a n t  mass i s  included.  Control  of t h e  v e h i c l e  is 
maintained by swivel ing the  engine's, u s i n g '  a h y d r a u l i c  a c t u a t o r  foi
pos i t i on ing .  The  a c t u a t o r  p o s i t i o n  i s  determined from a c o n t r o l  l a w  
formulated t o  produce d e s i r e d  response and s t a b i l i t y  c h a r a c t e r i s t i c s .  
The c o n t r o l  law r e s u l t s  from a proper choice o f  ga ins  a t t ached  t o  t h e  
ou tpu t  s i g n a l  from v a r i o u s  c o n t r o l  sensors , .whose s i g n a l s  are summed 
and fed d i r e c t l y  t o  t h e  a c t u a t o r s  (Figure 4 ) .  

1st Mode 

2nd Mock 

Figure 3 .  Bending Mode Def l ec t ion  Curves 
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Vehicle Dynamics r 

Figure 4. Block Diagram of Control System 

The c o n t r o l  system used i n  , t h i s  a n a l y s i s  i s  def ined by a con
t r o l  l a w ,  & ,  i n  the  following manner: 

where 

cp. is the ind ica t ed  p o s i t i o n  e r r o r  
1 


(p
R 

is  the ind ica t ed  p o s i t i o n  r a t e ,  and 

A .  is the ind ica t ed  normal a c c e l e r a t i o n .  
1 


The symbols ao, al, and g2, r e p r e s e n t  t he  c o n t r o l  ga ins  f o r  t hese  
senso r s .  The Ti(s) (i = 1, 2 ,  3) a r e  t r a n s f e r  func t ions  which d e s c r i b e  
the c h a r a c t e r i s t i c s  of va r ious  networks designed. f o r  s t a b i l i t y  purposes,  
and A(s) is t h e  t r a n s f e r  f u n c t i o n  which d e s c r i b e s  t h e  engine a c t u a t o r  
c h a r a c t e r i s t i c s .  The t r a n s f e r  func t ions  used i n  t h i s  s tudy  a r e  as 
follows: 
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Gyro = 1 

Rate = 1/(1 + B,s + B s 2 )  

Accelerometer = 1/(1 + 20s). 

Both a n  a t t i t u d e - o n l y  and a body-fixed accelerometer  system 
a r e  s t u d i e d .  The a t t i t u d e - o n l y  system occurs when g 2  i s  s e t  equal t o  
zero i n  the  c o n t r o l  system equat ion and a p p r o p r i a t e  networks T l ( s )  and 
T,(s) i n s e r t e d .  Varying g 2  al lows o the r  systems t o  be s t u d i e d .  

Based on the  assumptions given above f o r  t he  coordinate  system, 
f o r c e s ,  p r o p e l l a n t  and bending dynamics, and c o n t r o l  system, the  equa
t i o n s  of motion a r e  der ived f o r  the Sa tu rn  V launch v e h i c l e  (Figure 5 ) .  

105.28- 4241 

96.27 - - 3890 

08.72- 3594 

00.24 - - 3259

79.32 -- 3223 

76.22 - - 3101 


69.39 - - 2032 

67.23 - - 2747 

64.67 - - 2646 GIMBAL 

61.44 --2519 
58.09- 2387 

44.40.- 1848 

39.72 - - 1664 GIMBAL 
36.60 - - 1541 
33.04 - - 1401 

20.62-- 912 

12.71 - - 602 

6.73- .  365 

0 1  100 GIMBAL 

YEYERS INCHES 

Figure 5. Sa tu rn  V Vehicle Configurat ion 
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The model used i n  t h i s  a n a l y s i s  i nc ludes  t h e  fol lowing:  

(1) r i g i d  body t r a n s l a t i o n  (y) 

( 2 )  r i g i d  body r o t a t i o n  ( c p )  

( 3 )  engine compliance mode (4) 
( 4 )  senso r  dynamics (&, Ai) 

(5) t h r e e  p r o p e l l a n t  o s c i l l a t i o n  modes ( tanks)  ( 5  )
S 

(6)  two e l a s t i c  body modes ( v . )
1 

( 7 )  c o n t r o l  (p,). 

The d i f f e r e n t i a l  equat ions  d e s c r i b i n g  the  system a r e  l i s t e d  
i n  the  appendix.  

E. Load Indicator 
The t o t a l  load due t o  a l l  fo rces  a c t i n g  on the  v e h i c l e  s t r u c t u r e  

is  a d i r e c t  ou tput  of t h e  s imula t ion .  This load i n d i c a t o r  can be ca lcu
l a t e d  d i r e c t l y  dur ing  s imula t ion  as e i t h e r  t h e  l a t e ra l  bending moment o r  
u n i t  compressive and t ens ion  loads .  A d i r e c t  c a l c u l a t i o n  of t he  load 
i n d i c a t o r  i n  t h i s  f a sh ion  in su res  c o r r e c t  phasing of a l l  i n t e r a c t i n g  
responses  and the  v e h i c l e  con t ro l  system. The bending moment o r  u n i t  
compressive load r e s u l t s  from i n e r t i a l  f o r c e s ,  aerodynamic f o r c e s ,  and 
engine s i d e  f o r c e s ,  and can be u s e d  as t h e  load i n d i c a t o r .  The bending 
moment equat ion  is 

M (x) = Mk(x) a ( t )  -I- fir'(x) p ( t )  -k MI,(x) y ( t )  4- G:.(x) $ ( t )  4-fi: (x) . @ ( t )
B B Y cp cp 

I f  terms of s m a l l  magnitude, y j ,  G j ,  @, are  neglected and i f  
s u b s t i t u t i o n  is made f o r  t r a n s l a t i o n a l  and r o t a t i o n a l  a c c e l e r a t i o n  i n  
terms of t h e i r  source ,  t h i s  equat ion  can be  s i m p l i f i e d  El]. Since t h e  
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major causes of t hese  a c c e l e r a t i o n s  a r e  aerodynamic and c o n t r o l  f o r c e s ,  
t he  t r a n s l a t i o n a l  a c c e l e r a t i o n  can be expressed as 

A s i m i l a r  exp res s ion  f o r  the r o t a t i o n a l  a c c e l e r a t i o n  is  

S u b s t i t u t i n g  these  expressions i n t o  the  bending moment equa
t i o n  r e s u l t s  i n  a s i m p l i f i e d  expression:  

Bending Dynamics 
Rig i d  n __r 

%(x)  = Mk(x) a ( t ) y M b  (x) p ( t ' ,  i-1MI. (x) y j ( t )  
j =1 'j 

Sloshing Dynamics
h 

\
'm 

s=l  

I n  t h i s  form, ' va r ious  e f fec ' t s  of the bending moment can be completely 
sepa ra t ed .  A t y p i c a l  s e t  of t he  bending moment c o e f f i c i e n t s  i s  shown 
i n  Figures 6 and 7 .  

The t o t a l  u n i t  compressive load ,  Nc,  is a more comprehensive 
load i n d i c a t o r .  The equat ion f o r  the t o t a l  load a t  a n  unpressurized 
s e c t i o n  is  as fol lows:  
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Figure 6. Rigid Body Bending Moment C o e f f i c i e n t  vs Vehicle S t a t i o n  
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Figure 7 .  E l a s t i c  Body Bending Moment. C o e f f i c i e n t s  vs Vehicle S t a t i o n  
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where 

F/m is the l o n g i t u d i n a l  a c c e l e r a t i o n ,  

is t h e  mass supported above t h e  s t a t i o n  of concern, 

X is the aerodynamic drag,  

MB is  t h e  v e h i c l e  bending moment, and 

D(x) i s  the  local v e h i c l e  diameter .  

Both the bending moment and the t o t a l  load separate the  va r ious  
e f f e c t s  t h a t  c r e a t e  the v e h i c l e  l oads ,  and thereby g i v e  i n s i g h t  i n t o  t h e  
d e t a i l s .  

1 1 1 .  WIND INPUTS 

Wind inpu t s  used i n  the  a n a l y s i s  were (1) an  ensemble of 407 
i nd iv idua l  d e t a i l e d  p r o f i l e s  , ( 2 )  spectrum of wind tu rbu lence ,  and (3 )  
d i s c r e t e  s y n t h e t i c  p r o f i l e s .  

A. Measured Profiles 
The i n d i v i d u a l  wind p r o f i l e s  used i n  t h i s  s tudy  were measured 

a t  t h e  Eas t e rn  T e s t  Range, F l o r i d a ,  by the  FPS-16 radar/J imsphere method 
[ 2 ] .  Four hundred and seven wind p r o f i l e  measurements taken over a 
per iod of a year  were d i s t r i b u t e d  f a i r l y  evenly throughout the e n t i r e  
per iod.  Therefore ,  the d a t a  should not  e x h i b i t  a seasona l  or  monthly 
b i a s .  

Since t h i s  s tudy  is  concerned w i t h  the r e l a t i v e  in f luence  between 
small s c a l e  motions ( tu rbu lence )  and base  s c a l e  wind e f f e c t s  (wind magni
tude and s h e a r ) ,  i t  is  of i n t e r e s t  t o  know the  accuracy and r e s o l u t i o n  of 
the  d a t a .  The RMS e r r o r s ,  determined by comparing simultaneous t r a c k s  of 
the same ba l loon  f o r  wind speed, a r e  approximately 0.2 t o  0.3 meters p e r  
second, and about  one degree i n  wind d i r e c t i o n .  The RMS amplitudes of 
the small s c a l e  motions a s s o c i a t e d  w i t h  i n d i v i d u a l  p r o f i l e s  range up t o  
about t h i r t y  times t h i s  magnitude [ 3 , 4 ] .  The method chosen t o  reduce t h e  
d a t a  used a f i r s t  degree equa t ion  t o  smooth the  p o s i t i o n  coord ina te s .  
Average wind speeds were computed f o r  approximately 50-meter l a y e r s  and 
p r i n t e d  o u t  a t  25-meter a l t i t u d e  i n t e r v a l s ,  thus providing information 
on the  small s c a l e  motion as w e l l  as t h e  g ross  motion. 
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The measured wind p r o f i l e s  used i n  t h i s  r e p o r t  a r e  adequate f o r  
most l a r g e  space v e h i c l e  design and o p e r a t i o n a l  s t u d i e s .  The problem is 
inco rpora t ing  t h e  winds i n  the  vehic ' le response s t u d i e s  and i n t e r p r e t i n g  
t h e  d a t a .  To compute the  responses of a space v e h i c l e  t o  a s lowly 
changing wind f i e l d  (quasi-steady-s t a t e )  as i t  ascends through the  
atmosphere is  a well-documented and rea'sonably s t r a i g h t f o r w a r d  procedure 
f o r  the r i g i d  body, and t h e  problem is no t  t oo  complicated f o r  e l a s t i c  
v e h i c l e s .  I n  the  r e a l  case,  where an  e l a s t i c  v e h i c l e  w i t h  s e v e r a l  
degrees of freedom m u s t  be considered and the  t o t a l  wind p r o f i l e  may 
be thought of as being composed of a q u a s i - s t e a d y - s t a t e  w i th  super
imposed turbulence,  the problem of computing v e h i c l e  responses becomes 
more d i f f i c u l t .  I n  performing f l i g h t  s i m u l a t i o n s ,  one of t he  major 
problems is  how t o  t rea t  the small s c a l e  motions ( tu rbu lence ) .  

An a t t empt  has been made t o  d e f i n e  g u s t s  ( t u rbu lence )  i n  a meaning
f u l  way by s e p a r a t i n g  a d e t a i l e d  wind v e l o c i t y  p r o f i l e  i n t o  two pro
f i l e s  on the  b a s i s  of frequency con ten t .  The b a s i c  p r o f i l e  r ep resen r s  
t he  t o t a l  wind f i e l d ,  the f i l t e r e d  p r o f i l e  r e p r e s e n t s  the quasi-s teady
s t a t e  wind speeds,  and the d i f f e r e n c e  between these  two r e p r e s e n t s  g u s t  
o r  turbulence.  The wind content  t o  be f i l t e r e d  ou t  of the t o t a l  wind 
p r o f i l e  i s  determined by consider ing the  r e l a t i o n s h i p s  between the  rawin
sonde and t h e  FPS-16 radar /J imsphere p r o f i l e s  p l u s  frequency response 
c h a r q c t e r i s t i c s  of t he  v e h i c l e  t o  be used ( i n  our case,  t he  Sa tu rn  V ) .  
The s t a t i s t i c a l  p r o p e r t i e s  of the g u s t  p r o f i l e ,  such as normali ty  and 
s t a t i o n a r i t y ,  were a l s o  considered. A f i l t e r  f u n c t i o n  is def ined s o  
t h a t  the r e s u l t i n g  f i l t e r e d  p r o f i l e  approximates the rawinsonde-measured 
p r o f i l e .  The f i l t e r  f u n c t i o n  used i n  t h i s  s t u d y  is  shown i n  Figure 8 
as a f u n c t i o n  of g u s t  wave l e n g t h  [5]. 

The sepa ra t ed  g u s t  o r  turbulence p r o f i l e  con ta ins  f requencies  t h a t  
cover the  whole frequency spectrum of the e l a s t i c  v e h i c l e .  The s ta 
t i s  t i c a l  d i s t r i b u t i o n  of the g u s t s  is approximately Gaussian, enhancing 
i n t e r p r e t a t i o n  of the v e h i c l e  responses ,  and a l s o  providing a b a s i s  f o r  
a s s e s s i n g  the in f luence  of g u s t s  on the  v e h i c l e  which a r e  no t  measured 
by the rawinsonde method. 

I f  the quasi-s  teady-s t a t e  is def ined as the  wind p r o f i l e  approxi
mating the  rawinsonde-measured p r o f i l e ,  the s m a l l  s c a l e  motions a r e  s t i l l  
nons t a t iona ry  w i t h  a l t i t u d e  [6] because the va r i ance  of the s m a l l  s c a l e  
motions, as computed over l imi t ed  a l t i t u d e  i n t e r v a l s ,  changes by a 
s i g n i f i c a n t  magnitude w i t h i n  the  same v e l o c i t y  p r o f i l e .  
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Figure 8 .  	 Approximate Response Function f o r  Rawinsonde (GMD-18) 
System Based on Standard Rawinsonde Reduction Technique 

Since t h e  c h a r a c t e r i s t i c s  of the small s c a l e  mottons va ry  w i t h  
a l t i t u d e ,  synop t i c  cond i t ions ,  e t c . ,  a spectrum of the  small s c a l e  
motions over t he  e n t i r e  a l t i t u d e  t o ,  s a y ,  14 k i lome te r s  may not  be 
r e p r e s e n t a t i v e  of t he  spectrum over a s u b i n t e r v a l  of t h i s  a l t i t u d e  
range. Since,  i n  designing and ope ra t ing  space v e h i c l e s ,  t he  peak 
responses a r e  of the most i n t e r e s t ,  i t  i s  d e s i r a b l e  t o  d e f i n e  a spec
trum of s m a l l  s c a l e  motions which could be superimposed on the  quas i 
s t e a d y - s t a t e : @ n d  p r o f i l e  t o  produce a peak v e h i c l e  response equ iva len t  
t o  t h a t  obtained from the t o t a l  wind p r o f i l e .  

An a t t empt  w a s  made t o  d e f i n e  a spectrum of the small s c a l e  motions 
which could be superimposed on t h e  quasi-s  teady-s t a t e  p r o f i l e  t o  g ive  
the  same v a r i a n c e  and peak responses  as the  t o t a l  p r o f i l e .  The spectrum 
w a s  computed from approximately 400 d e t a i l e d  wind p ro fF le  measurements by 
computing the  s p e c t r a  a s s o c i a t e d  w i t h  each p r o f i l e ,  then determining the  
p r o b a b i l i t i e s  of s p e c t r a l  d e n s i t y  as a f u n c t i o n  of frequency. Thus, t he  
s p e c t r a  r e p r e s e n t  envelopes of s p e c t r a l  d e n s i t y  f o r  t h e  g iven  p r o b a b i l i t y  
l e v e l .  
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For a l i n e a r  system t h e  peak responses  due t o  t h e  small s c a l e  
motions w i l l  be g iven  approximately by 30, where cr is t h e  s tandard 
d e v i a t i o n  of t h e  ou tpu t  parameter. This 30 va lue  of t he  response is 
then  added t o  the  quas i - s t eady- s t a t e  va lue  of the response t o  o b t a i n  
t h e  t o t a l  response.  

Spec t r a  a s s o c i a t e d  w i t h  the  s c a l a r  wind speed p r o f i l e s  were com
puted and used i n  t h i s  a n a l y s i s .  The fol lowing is a p l o t  of t h e  spec
trum used (Figure 9) .  This spectrum, which w a s  computed by determining 

SPECTRAL DENSITY, (~S&RAOW 

Figure 9.  S p e c t r a l  Density f o r  Maximum Dynamic P res su re  Region 

the  average s p e c t r a l  d e n s i t y  as a f u n c t i o n  of frequency, has been 
t r a n s f e r r e d  from wave numbers t o  frequency i n  v e h i c l e  f l i g h t  time near 
t h e  maximum dynamic p res su re  r eg ion .  The spectrum a s s o c i a t e d  w i t h  each 
p r o f i l e  w a s  computed over t h e  e n t i r e  a l t i t u d e  range of t he  d a t a  and used  
as inpu t  i n  computing v e h i c l e  responses .  

B. Synthetic Profiles 
A s y n t h e t i c  p r o f i l e  is one which is  r e p r e s e n t a t i v e  of any 

measured p r o f i l e  o r  s t a t i s t i c a l l y  designed p r o f i l e  and is u s u a l l y  
determined from quas i - s t eady- s t a t e  wind speeds,  wind s h e a r s ,  and 
g u s t s  which a r e  combined t o  r e p r e s e n t  p h y s i c a l l y  r easonab le  cond i t ions  
t o  i n s u r e  a h igh  p r o b a b i l i t y  of success  when the  v e h i c l e  is launched. 
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They are cons t ruc t ed  by d e f i n i n g  t h e  q u a s i - s t e a d y - s t a t e  wind p r o f i l e  
envelope t h a t  i s  not  exceeded more than ,  f o r  example, 5 pe rcen t  of t h e  
time dur ing  some r e f e r e n c e  pe r iod ,  t hen  d e f i n i n g  a wind bui ldup ra te  
whose envelope i s  no t  exceeded more than,'  say,  1 pe rcen t  of t h e  t ime, 
and combining t h e s e  i n  a s u i t a b l e  way [ 6 ] .  Gusts are then  combined 
w i t h  t h e  s t e a d y - s t a t e  wind speed envelope. An i d e a l i z e d  quasi-s teady
s t a t e  wind speed envelope r e p r e s e n t i n g  t h e  95 pe rcen t  p r o b a b i l i t y  of 
occurrence us ing  a monthly r e f e r e n c e  per iod i s  shown i n  Figure 10, 
where t h e  gus t  (Figure 11) i s  superimposed t o  r e p r e s e n t  t h e  s m a l l  s c a l e  
motions. Syn the t i c  wind p r o f i l e s  were cons t ruc t ed  us ing  a 95 pe rcen t  
wind speed and a 99 pe rcen t  wind shear  value.  Envelopes of t h e  99 p e r 
cen t  wind shear  f o r  v a r i o u s  s c a l e s  of d i s t a n c e  are shown i n  Figure 12. 
To c o n s t r u c t  the s y n t h e t i c  p r o f i l e  w i t h  g u s t ,  t h e  95 pe rcen t  wind magni
tude i s  used w i t h  a 99 pe rcen t  gus t  and a shear  reduced by 15 percent .  
These p r o f i l e s  were used as an a d d i t i o n a l  wind inpu t  (see Figure 13) .  

Altitude (km)+ 

Figure 10. wind Speed Envelope v s  A l t i t u d e  
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Figure  11. Wind G u s t  

Wind Speed Change ( m / s c c )  

t 

Figure  1 2 .  Envelope of Wind Speed Change 
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Alt i tude ( k i n )
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Figure 13. S y n t h e t i c  Wind P r o f i l e  w i t h  G u s t  

Iv. PROCEDURES FOR ANALYS IS 

Three approaches used f o r  determining v e h i c l e  responses  f o r  atmos
p h e r i c  d i s tu rbances  a r e  (1) numerical i n t e g r a t i o n  of equations of motion 
on a d i g i t a l  computer, ( 2 )  i n t e g r a t i o n  of equat ions of motion on an  
analog computer, ( 3 )  gene ra l i zed  harmonic a n a l y s i s  using t h e  spectrum 
of turbulence.  The d i g i t a l  approach, because of i t s  high accuracy,  is  
used as a check a g a i n s t  t he  analog computer. However, because of the 
l a r g e  amount of machine time f o r  each wind p r o f i l e  (40 minutes on the 
IBM 7 0 9 4 ) ,  only a few cases  could be run economically. The GPS high 
speed analog computer is chosen as the  b a s i c  method of eva lua t ing  the 
responses of many p r o f i l e s  because of t he  speed o f ' o u t p u t  p e r  t r a j e c 
t o r y  run. The v a r i o u s  computer c a p a b i l i t i e s  are i l l u s t r a t e d  i n  Figure 
14. 

Four hundred and seven t r a j e c t o r y  s imula t ions  of two minutes real  
time each can be made i n  about  f i v e  minutes of computer time. By time 
t r ans fo rma t ion ,  t he  events  on the  computer take p l ace  up t o  3000 times 
f a s t e r  than r e a l  time. Since t h e r e  is an  i n t e g r a t i o n  f a c t o r  of 3000 sec 
onds w i t h  a maximum of 50 v o l t s  from t h e  a m p l i f i e r s  i n  r e p e t i t i v e  opera
t i o n ,  t h e o r e t i c a l l y  up t o  20 s o l u t i o n s  com;ld.be ob ta ined ,  du r ing  one 
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second, from take-off  t o  c u t o f f  of bhe launch stage. Sca l ing  of the 
problem r e s u l t e d  i n  a running speed of about .001 rea l  time. 

The'computer is composed of 50 i n t e g r a t o r s ,  50 summing a m p l i f i e r s ,  
350 c o e f f i c i e n t  po ten t iome te r s ,  20 qua r t e r - squa re  m u l t i p l i e r s ,  15 f u n c t i o n  
g e n e r a t o r s ,  and 70 a m p l i f i e r s .  Tape u n i t s  a r e  ava5lab' le f o r  feeding i n f o r 
mation i n t o  t h e  computer, f u l l y  synchronized wi th  the  v e h i c l e  s imula t ion .  
Each tape con ta ins  seven t r a c k s  and is used f o r  wind i n p u t s .  So lu t ions  
may a l s o  be recorded on these  t apes  [ 7 ] .  

The v e h i c l e  responses were s t a t i s t i c a l l y  analyzed using s e v e r a l  
a s p e c t s  of t h e  computer's c a p a b i l i t y .  The p r o b a b i l i t y  of exceeding a 
c e r t a i n  response level w a s  obtained by s e t t i n g  a va lue  on t h e  d e s i r e d  
response func t ion ,  t hen  counting t h e  number of times t h e  a c t u a l  v e h i c l e  
response exceeded this va lue  i n  f l y i n g  through the  whole ensemble of 
winds i n d i v i d u a l l y .  To determine the  p r o b a b i l i t y ,  only one exceedance 
per  p r o f i l e  w a s  counted and the  p r o b a b i l i t y  determined by d i v i d i n g  the  
number of exceedances by t h e  number of wind p r o f i l e s .  Changing t h e  
s e t t i n g  of t h e  response f o r  the counter ,  ano the r  p o i n t  on the  p r o b a b i l i t y  
curve can be obtained.  This process is repeated u n t i l  t he  complete curve 
is obtained.  The computer has the  c a p a b i l i t y  of counting exceedances on 
fou r  v a r i a b l e s  s imultaneously.  The p r o b a b i l i t y  w a s  determined f o r  a l l  
v e h i c l e  responses f o r  t he  u n f i l t e r e d ,  f i l t e r e d ,  and turbulence wind 
ens emb 1es . 

S t a t i s t i c a l  p r o b a b i l i t y  as a fu'nction of magnitude is determined by 
s imula t ing  t h e  f l i g h t  of t h e  v e h i c l e  through a l l  of t he  measured winds 
and counting the  number of p r o f i l e s  i n  which the  response exceeds a pre
s e t  va lue .  Establishment of t he  p r o b a b i l i t y  l e v e l s  f o r  any s e l e c t e d  
response parameter a l lows a ranking of t he  s e v e r i t y  of the wind p r o f i l e s .  
For d e t a i l e d  a n a l y s i s ,  p a r t i c u l a r l y  i n t e r e s t i n g  wind p r o f i l e s  may be 
captured on a r eco rde r  w i t h  closed-loop t ape .  By p lac ing  t h e  computer 
i n  a r e p e t i t i v e  mode of ope ra t ion ,  t h i s  wind p r o f i l e  and i t s  responses 
can be analyzed i n  any d e s i r e d  d e t a i l .  

Add i t iona l  s t a t i s t i c a l  information can be obtained by computing the 
mean and v a r i a n c e  of t he  ensemble a t  va r ious  f l i g h t  times by sampling 
each p r o f i l e  and the  r e s u l t i n g  response a t  a s p e c i f i c  f l i g h t  time and 
computing the  v a r i a n c e  and mean from t h e  r e l a t i o n s h i p s :  
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Thus , t he  var i a n  e and mean can be p l o t t e d  versu f l i g h t  time. 

Generalized harmonic a n a l y s i s  a l lows t h e  s t a t i s t i c a l  q u a l i t i e s  of 
a v e h i c l e  response t o  be computed d i r e c t l y  i f  c e r t a i n  r e s t r i c t i o n s ,  such 
as normali ty  of t h e  inpu t  f o r c e ,  are m e t .  I f  one cons ide r s  t h a t  t h e  
equat ions r e p r e s e n t i n g  the dynamics of t h e  v e h i c l e  a r e  l i n e a r  and t h a t  
t he  c o e f f i c i e n t s  a r e  f rozen  over a c e r t a i n  a l t i t u d e  band, t hese  condi
t i o n s  can b a s i c a l l y  be m e t .  These cond i t ions  can be s a t i s f i e d  only f o r  
the wind turbulence.  The ou tpu t  spectrum f o r  t h i s  approach i s  

Sx(w) = ITi(iw) I 2  Sin(w). 

This expression shows t h a t  t he  s p e c t r a l  d e n s i t y  Sx(w) of t he  ou tpu t  of 
a l i n e a r  dynamic system i s  equal t o  the product of t he  s,quare of the 
modulus of i t s  t r a n s f e r  f u n c t i o n  and the  s p e c t r a l  d e n s i t y  of the inpu t .  
Other s t a t i s t i c a l  q u a n t i t i e s ,  exceedances and p r o b a b i l i t y ,  \ can  be c a l 
culated d i r e c t l y  from the va r i ance  and s tandard d e v i a t i o n .  These 
s t a t i s t i c a l  va lues  a r e  computed f o r  a l l  v e h i c l e  responses f o r  the 
spectrum of the  wind turbulence.  The 30 s t anda rd  d e v i a t i o n  values  of 
the responses were compared with,  r e s u l t s  obtained from the turbulence 
ensemble (see t a b l e  1). 

V. PARAMETERS FOR ASSESSMENT 

The i n t e r p r e t a t i o n  of a space v e h i c l e ' s  response t o  atmospheric 
d i s tu rbances  is ve ry  complicated because of the i n t e r a c t i o n  of the 
va r ious  components of the wind (magnitude, s h e a r ,  g u s t ) ,  v e h i c l e  dynamics 
( r i g i d  body, e l a s t i c  body, p r o p e l l a n t  o s c i l l a t i o n s )  , and c o n t r o l  system. 
The assessment of t he  va r ious  a s p e c t s  of t h i s  i n t e r a c t i o n  depends, upon 
a choice o f  v e h i c l e  parameters and proper s e p a r a t i o n  of t he  wind com
ponent i n f luences  v e r s u s  v e h i c l e  dynamics and c o n t r o l .  This is accom
pl ished by a p p r a i s a l  of the va r ious  parameters necessary f o r  eva lua t ion  
of d i f f e r e n t  types of space v e h i c l e s .  
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The eva lua t ion  of v e h i c l e  response t o  atmospheric d i s tu rbances  
cannot be gene ra l i zed  t o  one v e h i c l e  parameter.  Ne i the r  can i t  be 
reduced t o  a few gene ra l  s t u d i e s .  The many f a c t o r s  involved m u s t  be 
i n t e r p r e t e d  i n  terms of the c u r r e n t  phases of t he  v e h i c l e  design.  
These va r ious  a r e a s  a r e  categorized as (1) p re l imina ry  des ign ,  (2 )  
f i n a l  s t r u c t u r a l  des ign ,  (3) guidance and c o n t r o l  system design and 
op t imiza t ion  (prel iminary and f i n a l ) ,  and ( 4 )  o p e r a t i o n a l  procedures.  

I n  each of t hese  des ign  a r e a s ,  two problems a r i s e  which must be 
c o r r e c t l y  evaluated.  The f i r s t  dea l s  w i t h  the cons ide ra t ion  of t he  
s t a t i s t i c s  of t he  p r e d i c t a b i l i t y  of the t o t a l  v e h i c l e  c h a r a c t e r i s t i c s  , 
such as aerodynamic f o r c e s ,  s t r u c t u r a l  weight c h a r a c t e r i s t i c s ,  and 
t h r u s t ,  and is  no t  discussed i n  t h i s  paper.  The second concerns the 
type of v e h i c l e  being s t u d i e d .  One type of v e h i c l e  is a h igh ly  
a c c e l e r a t i n g ,  s m a l l  v e h i c l e  t h a t  has, i n  g e n e r a l ,  a marginal c o n t r o l  
f o r c e  a v a i l a b i l i t y .  This c o n t r o l  fo rce  a r i s e s  from j e t  t a b  and a i r  
vanes.  A t y p i c a l  v e h i c l e  i n  t h i s  c l a s s  i s  the Pershing.  Because of 
the high l o n g i t u d i n a l  a c c e l e r a t i o n  and o the r  s t r u c t u r a l  design con
s t r a i n t s ,  v e h i c l e s  of t h i s  type have no s t r u c t u r a l  load problem. I n  
f a c t ,  the  v e h i c l e  has more than a n  adequate s t r u c t u r a l  margin f o r  any 
a n t i c i p a t e d  wind loading.  The ove r r id ing  c o n s t r a i n t  placed on the 
v e h i c l e  i s ,  t h e r e f o r e ,  from the c o n t r o l  mechanism. The parameters 
f o r  eva lua t ing  v e h i c l e  response t o  atmospheric d i s tu rbances  n a t u r a l l y  
fol low as d e f l e c t i o n  and d e f l e c t i o n  r a t e s  of t he  c o n t r o l  devices .  

Another type of v e h i c l e ,  represented by Sa tu rn  V, goes t o  the  
opposi te  extreme. I n  t h i s  case,  a l though adequate  c a n t r o l  fo rce  is 
a v a i l a b l e ,  the man-rating of the s t r u c t u r a l  i n t e g r i t y ,  a long with t h e  
opt imizat ion of a l l  a s p e c t s  of t he  v e h i c l e  design t o  maximum payload, 
fo rces  the des igne r  t o  consider  as a primary concern the  in f luence  of 
wind on s t r u c t u r a l  l oads .  These loads should be t r e a t e d  as u n i t  com
p r e s s i v e  and t ens ion  loads .  I f  shea r  fo rces  a r e  of s i g n i f i c a n c e ,  t hese  
m u s t  a l s o  be eva lua ted .  Thus , cons ide ra t ion  of opt imizing the c o n t r o l  
system i n  t e r - p  of t hese  s t r u c t u r a l  loads fo rces  the c o n t r o l  system 
design engine*er t o  consider  a l l  aspects of t h e  v e h i c l e  des ign  ( c o n t r o l  
and s t r u c t u r a l )  i n  a system a n a l y s i s  s o  t h a t  v e h i c l e  s t r u c t u r a l  con
s t r a i n t s  a r e  not  v i o l a t e d .  Vehicles optimized using t h i s  system 
approach have more o p e r a t i o n a l  f l e x i b i l i t y  because more seve re  t r a j e c 
t o r i e s  can be flown wi thou t  endangering the  mis s ion ,  and a t  t h e  same 
time, more launch days a r e  a v a i l a b l e  s i n c e  wind r e s t r i c t i o n s  a r e  no t  
necessary.  

Another type of v e h i c l e  is a combination of t h e  above two, i n  t h a t  
both a l imi t ed  c o n t r o l  f o r c e  and r e s t r i c t e d  s t r u c t u r a l  c a p a b i l i t y  are 
a v a i l a b l e .  The Sa tu rn  I t y p i f i e s  t h i s  group. I n  t h i s  case,  a more 
d e t a i l e d  e v a l u a t i o n  is necessa ry ,  s i n c e  engine d e f l e c t i o n ,  engine 
d e f l e c t i o n  r a t e ,  and t h e  u n i t  compressive and t e n s i o n  load m u s t  be 
monitored. Operat ional  procedures become more complex s i n c e ,  i n  
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g e n e r a l ,  wind b i a sed  t r a j e c t o r i e s  must be flown. Also, a more compre
hensive prelaunch wind monitoring and v e h i c l e  response t o  these  winds 
must be conducted. F i n a l  f l i g h t  dec i s ions  must be made i n  t e r m s  of 
t hese  s imula t ions  and p rev ious ly  acquired knowledge of v e h i c l e  s t r u c 
t u r a l  i n t e g r i t y ,  t o t a l  dynamics, and wind s t a t i s t i c s .  I n  g e n e r a l ,  t h e  
in f luence  of wind on design can be evaluated i n  l i g h t  of the b a s i c  
parameters p re sen ted .  Two o t h e r  a r e a s  of concern m u s t  be examined f o r  
f i n a l  des ign  assurance:  The f irst  is a s s o c i a t e d  w i t h  the  a m p l i t u d e  of 
p r o p e l l a n t  o s c i l l a t i o n  i n  a tank. I n  t h i s  ca se ,  o s c i l l a t i o n s  must be 
c o n t r o l l e d  s o  that amplitudes do not  cause a n  e a r l y  c u t o f f  ( i n  case 
p r o p e l l a n t  l e v e l  is used as c r i t e r i a ) .  Second, i n  achieving d e s i r e d  
responses ,  s t a b i l i t y  margins of va r ious  v e h i c l e  modes may be d e t e r i o r a t e d ,  
I n  a l l  cases ,  a t r ade -o f f  m u s t  be made between d e s i r e d  response and 
des i r ed  s t a b i l i t y  boundaries.  This t r a d e - o f f  can be made i n  terms of 
mission,  p r o b a b i l i t y  of occurrences,  e t c .  

One a d d i t i o n a l  design problem arises i n  s e t t i n g  of a b o r t  l i m i t s  
f o r  s a f e t y  of t he  a s t r o n a u t .  I n  t h i s  ca se ,  t h e  v e h i c l e  response t o  
malfunctions m u s t  be s t u d i e d  f o r  va r ious  wind i n p u t s .  The parameters 
f o r  e v a l u a t i o n  must become the  ou tpu t  of t h e  emergency d e t e c t i o n  s e n s o r s ,  
such as r a t e  gyros.  The parameters necessa ry  t o  eva lua te  a v e h i c l e  
response i s ,  t h e r e f o r e ,  a f u n c t i o n  of the des ign  problem and the v e h i c l e  
type. This s t u d y  is not  concerned wi th  a l l  t hese  problems, bu t  w i l l  
concen t r a t e  on the  s t r u c t u r a l  s i z i n g  and c o n t r o l  system op t imiza t ion .  

VI. FUNDAM�flTALS 

Although the v e h i c l e  r e a c t s  t o  a d i s tu rbance  as a t o t a l  system, 
s i m p l i f i c a t i o n s  can be made i n  r ep resen t ing  the  dynamics, i f  the e l a s t i c  
body f r equenc ie s  a r e  high.  ' I n  t h i s  ca se ,  b a s i c  understanding and pre
l iminary design va lues  can be obtained by t r e a t i n g  the r i g i d  and e l a s t i c  
body s e p a r a t e l y .  

A. Rigid Body 
The r e p r e s e n t a t i o n  of the v e h i c l e  response as a r i g i d  body 

has b a s i c  a p p l i c a t i o n  i n  prel iminary design.  Using t h i s  r ep resen ta 
t i o n ,  i n  conjunct ion wi th  30  v a r i a t i o n s  of t he  v e h i c l e  parameters and 
a s y n t h e t i c  p r o f i l e ,  a l lows the  de t e rmina t ion  of b a s i c  response charac
t e r i s t i c s  and prel iminary s i z i n g  of t he  s t r u c t u r e .  This same s imula t ion  
a f f o r d s  i n s i g h t  i n t o  the i n t e r a c t i o n  of v e h i c l e  dynamics and c o n t r o l  l a w  
s o  that g u i d e l i n e s  f o r  c o n t r o l  system des ign  can be determined. 
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The e f f e c t  of t he  c o n t r o l  l a w  on response can be i l l u s t r a t e d  by 
the  r i g i d  body equat ions of motion: 

p = a c p + a l Q + b a .
0 0 

Since the  c o n t r o l  l a w  w r i t t e n  i n  t h i s  form i s  f a i r l y  g e n e r a l ,  i t  
is r e p r e s e n t a t i v e  of s e v e r a l  systems. For example, t he  ou tpu t  of a 
body-fixed accelerometer  can be expressed f o r  r i g i d  body motion i n  
terms of t he  source of sensed a c c e l e r a t i o n s ,  (a,B), as 

This produces the same c o n t r o l  l a w  wi th  only a mod i f i ca t ion  of ga ins .  

The s o l u t i o n  t o  t h i s  s e t  of equat ions i s  obtained by using f rozen  
c o e f f i c i e n t s  (a conse rva t ive  assumption, i n  g e n e r a l )  f o r  a r ep resen ta 
t i v e  wind i n p u t  which is the  slow build-up wind (quasi-s teady wind pro
f i l e )  o r  r amp .  The c h a r a c t e r i s t i c  equat ion of the system, i n  terms of 
v e h i c l e  parameters , is  used t o  o b t a i n  these  s o l u t i o n s .  

- v [-clKl + ao(c-JC2 - clK3) - bOc&l])= 0. 
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A s impler  form i n  terms of t he  roots  

s, = 0 

S 2  = A, 

s3,4 = a i: i w  

is 

Equating c o e f f i c i e n t s  of powers of S between equat ions  al lows 
t h e  express ion  of t he  r o o t s  i n  terms of v e h i c l e  parameters and c o n t r o l  
system ga ins .  A l o g i c a l  choice is t o  express  t h e  c o n t r o l  system ga ins  
a. and a,, and the  d r i f t  f o o t  A, as a f u n c t i o n  of c o n t r o l  system g a i n  
bo,  c o n t r o l  frequency wc, and c o n t r o l  damping C c ;  t h a t  is, 

a,  = 
-2Ac2Ccwc - A2 - c2 W Z2 

2
Ac2B2 + Blh2 + c2  B3 

-A 1  = 
2Ac,5cWc - A2 - c 2 2  w 

C 

where 
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Typical p l o t s  of Al,  a,, and a l  f o r  t h e  maximum dynamic p res 
s u r e  r eg ion  of t he  Sa tu rn  V space v e h i c l e  ar.e shown on f i g u r e s  15, 16, 
and 1 7 .  The d r i f t  r o o t  A ,  is s t a b l e  f o r  zero bo, b u t  moves toward 
i n s t a b i l i t y  as bo i n c r e a s e s .  The bo va lue  t h a t  produces A, equal t o  
zero is the w e l l  known d r i f t  minimum cond i t ion .  Further  i n c r e a s e  
of bo i h i t i a l l y  moves A I  toward i n s t a b i l i t y ;  however, t he  e f f e c t  

I 	 asympto t i ca l ly  approaches the  l i m i t i n g  va lue  of A ,  determined by the  
s t r a i g h t  l i n e  where bo = -cl/c2. These r e s u l t s  show that t h e  b a s i c  
in f luence  on the  d r i f t  r o o t  is determined by t h e  ang le -o f -a t t ack  g a i n ,  
b0 

w C  ( r a d h e c )  

2 I 5 ,  =’ 0 . 7 0 7  
= - 0 . 0 7  7I“c: = 1 . 0 6 7  -

I K d  = 1 8 . 5 8 0  

1 

-0 -0. 5 0.65 0.1’0 0. 5 
AI ( r a d  /set) 

Figure 15. 	 Al as a Function of Control System Gain, D ~ ,  

Control Frequency, wc, and Damping, sc. 
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W 

, The on ly  appa ren t  e f f e c t  on the  c o n t r o l  g a i n ,  al, is the-&amp
ing, cc,  and t h e  c o n t r o l  frequency, w,. The c o n t r o l  g a i n ,  ao, inc reases  
as bo decreases  f o r  a cons t an t  frequency w,. I nc reas ing  w, i nc reases  a, 
f o r  a cons t an t  a n g l e  of a t t a c k  g a i n  bo. The s o l u t i o n  t o  t h e  s e t  of d i f 
f e r e n t i a l  equat ions can be formulated i n  terms of t hese  r o o t s  and t h e  
system parameters.  Only one s o l u t i o n  w i l l  be  formulated,  t h e  response 
t o  a ramp wind K t .  This is s u f f i c i e n t ,  s i n c e ,  f o r  th'e equat ions used, 
t h e  time d e r i v a t i v e  of t h e  ramp produces the  response t o  a s t e p .  The 
s o l u t i o n s  a r e  n o t  v a l i d  f o r  A l =  zero,  s i n c e  a t  t h i s  p o i n t ,  a s i n g u l a r 
i t y  is introduced i n t o  t h e  equat ions:  

-	 (02 + w2) e 
A: - 2aA1 + o2 + m2 

where 

I J ~= t a n - l  	- + tan-' w 
o - A 1  

(K2 + b0K3)]2 + w2[20(K2 + boK3) + a l ( c S 2  - clK3)]3'" 

e o ts i n ( w t  -Q2)  
~w(02 + w ~ ) (A2 / -~ 2oA1 + o2 + w2) l / "
1 

+ (K2 + K3bo)Al + a l ( c S 2  - clK3) - V ( 0 2  + w2) 
e' 1' 

AF(A: - 2aA1 + o2 + w2) 
(33) 
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where 


a ( t )  = - aoc2 - 1 _ _ _ L  - . (102 + a1c20 
+ w2) ~ [ ( C J ~+ w2)(Az - 2oA1 + cr2 + w?)]' 

+ aoc2  - w212 + w2[20  + alc212 T2e o t  s in (wt  - Q3) 
2 (35)

A, + a lc lAl  + a0c2  
+ 	 e A l tY 

A1(A: - 20A1'+ o2 + w2) 

w h e r e  

-w(2o + alc2) 
= 

CJ
qCr3 tan-,  -W + tan"-

u -
w 

A 1  + t an-1  
o2 + alc20 + a c2  + w2 

Y (36) 
0 


[aocl + alC1o - boa2 + b O ~ 2 1 2+ w2[2boo - a , ~ , 1 ~ > 1 1 ~  
a o c l  

~B ( t )  = 
Al(02 + w2) 

+ 
w [ ( 0 2  + w2)(A: - 2Alo + a2'+ w2)11/2 
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where 

The bending moment is  

M
B 

(x) = M'a + M'B p. (39)
a 

By d e f i n i n g  

+ alclA1(R(x) - 1)+aoc2(R(x) - 4
e a t  s i n ( w t  + Qs) 

. .  [ (02+ alc2a+ . - .  

w[ (a2 + w2) (A: - 20A1 + a2 + w2) ]'I2 
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+ a0c2 - w2)2 + w2(2a + a1~2)2]+ (aocl + alclo - boo2 + bOw2)2 

+ w2(2b,o - aoc1)2 + 2R(x)  [(a2 + alc20 + alc2 - w2)2 

+ w2(20 + al~2)2]1/2 [(aocl + alclo - boo2 + bow2)2 

where 

+ 	[(aocl + alcla - boa2 + bow2)2 + w2(2b0a - aoc1)2]1/2 cos q4Y 
+ [(aocl + alclo - boa2 + bow2)2 + w2(2b00 - aocl)211/2 s i n  q4}] . 

When p l o t t e d  as a f u n c t i o n  of R ( x ) ,  q5 changes ve ry  l i t t l e  - (see Figure 18).  Wri t ing the above equat ions as a f u n c t i o n  of R ( x ) ,  
a, w, Al, y i e l d s  
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Figure 18. Phase Angle q5 vs R ( x )  

By taking t h e  s p e c i a l  case of wc= 1 . 2  and tc = .707, t h e  
bending moment f o r  a s t e p  wind becomes, f o r  gyro c o n t r o l  (A, = -0.031),  

M
B 

(x) = -K M'
B 

e- '0722 [0.051 R 2 ( x )  + 0.12 R ( x )  + 0.09)1/2] s i n  (0.882t + 7) 

+ K M'
B

(x) (0.714 R ( x )  + 0.13) e -0. o s t  
Y ( 4 4 )  

where 

y = tan' ,	0.22 R(x) + 0.3 
0.244 R ( x )  + 0.27 ' 

(451 

For the  d r i f t  minimum case  (Al = 0 ) ,  which w a s  solved as a 
s p e c i a l  ca se ,  t he  bending moment is 
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p#.(x) = -K M’ (x) [0.174 R2(x) + 0.428 R(x) + 0.31)1/2] s in (0 .882 t
B 

+ 7) + K M’B(x) (0.64 R(x) + 0 . 1 1 3 ) ,  

where 

y = tan” 	 0.21 R(x) + 0.452 
0.359 R(x) + 0.332 (471 

Since f o r  most of the s t a t i o n s  of Sa tu rn  V v e h i c l e s ,  R(x) 5 0 . 3 ,  
p c o n t r i b u t e s  the major p a r t  of the t r a n s i e n t  p o r t i o n  of t he  s o l u t i o n  f o r  
the bending moment, while  ang le -o f -a t t ack  has more in f luence  on the quas i 
s t e a d y - s t a t e  po r t ion .  Changing of t he  d r i f t  r o o t  from negat ive t o  ze ro  
inc reases  the  amplitude caused by the t r a n s i e n t  s o l u t i o n ,  b u t  decreases  
t h e  p a r t  caused by t h e  d r i f t  r o o t .  The choice then becomes one of t he  
t r ade -o f f  between t h e  t r a n s i e n t  and s t e a d y - s t a t e  s o l u t i o n .  This choice 
can be r e l a t e d  t o  changing the g a i n s ,  s i n c e  by inc reas ing  bo, t he  d r i f t  
r o o t  becomes more p o s i t i v e ;  t h i s  reduces quas i-s teady-s t a t e  loads , b u t  
i nc reases  t r a n s i e n t  loads even more. I n  g e n e r a l ,  f o r  a r i g i d  v e h i c l e ,  
an  o v e r a l l  load r educ t ion  is  p o s s i b l e  by i n c r e a s i n g  bo. 

B. Elastic Body Influence 
Simplifying t h e  equations of motion al lows a n  o v e r a l l  p i c t u r e  

of t he  bending dynamics in f luence  and uses  much l e s s  computer time. 
For t h i s  purpose, t he  fol lowing premises were made i n  de r iv ing  the  equa
t i o n s  of motion of t he  v e h i c l e :  

(1) A space-f ixed coordinate  system was  chosen wi th  i t s  o r i g i n  
a t  the c e n t e r  of g r a v i t y  of t he  v e h i c l e .  

(2)  The a c c e l e r a t i o n  of t he  v e h i c l e  is replaced by an  equiva
l e n t  g r a v i t a t i o n a l  f i e l d  (see s e c t i o n  11). 

(3)  The bending modes were assumed t o  be uncoupled. 

(4) The c o n t r o l  system e f f e c t  on bending frequency w a s  assumed 
t o  be n e g l i g i b l e ,  while  t he  e f f e c t  on bending mode damping w a s  i n t r o 

\ 
duced as a d d i t i o n a l  s t r u c t u r a l  damping. 

(5) The fo rces  a c t i n g  on the  bending modes were assumed. to  
be due t o  the  r i g i d  body a and B only.  
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( 6 )  Time varying c o e f f i c i e n t s  were used. 

(7)  Curve f i t s  were used f o r  the aerodynamic d i s t r i b u t i o n s .  

(8) Gust p e n e t r a t i o n  e f f e c t s  w e r e  assumed t o  be small. 

(9) Both f i l t e r e d  and u n f i l t e r e d  winds were used as fo rc ing  
f u n c t i o n ,  as w e l l  as t h e  s y n t h e t i c  p r o f i l e .  

The equat ions der ived were the same as f o r  r i g i d  body ca l cu la 
t i o n s  f o r  r o t a t i o n ,  t r a n s l a t i o n ,  and ang le  of a t t a c k ,  plus  t h e  i n t r o 
duc t ion  of t he  bending equa t ion  which follows: 

,i = 1 + 4  
I 

where 

u .  
(49 1 

With t h e  a d d i t i o n  o f  bending, t he  bending moment becomes 

-4 

To show t h e  e f f e c t  of t h e  bending dynamics on the  bending 
moment, t h e  r a t i o  of t he  bending moment due t o  bending dynamics t o  
t o t a l  bending moment w a s  computed. 

R =  %.(to ta l  ) - E$ (ri g  id  ) 
(51) 

% ( t o t a l )  

This y i e l d s  t h e  fol lowing r e s u l t s ,  which show t h e  in f luence  of the 
e l a s t i c  body dynamics on t h e  bending moment f o r  va r ious  types of con
t r o l  systems (Figure 19) .  
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Figure 19. 	 Rat io  In f luence  of Bending Moment Due t o  
Bending Dynamics t o  Totd~lBending Moment 

It is c l e a r l y  shown i n  t h i s  s t u d y  t h a t  t he  bending dynamics 
p o r t i o n  of t h e  bending mode becomes predominant a t  t h e  forward end of 
t he  v e h i c l e .  The boos te r  and second s t a g e  a r e a  show a n e g l i g i b l e  
in f luence  of bending dynamics. Also,  any i n c r e a s e  i n  accelerometer  
ga ins  inc reases  the  bending dynamics e f f e c t .  This system can be made 
e q u i v a l e n t  t o  t h e  a l p h a  meter system d i scussed  p rev ious ly .  In '  t h i s  
case,  t he  r e d u c t i o n  i n  bending moment due t o  r i g i d  body dynamics more 
than o f f s e t s  t he  i n c r e a s e  due t o  bending dynamics, producing a s l i g h t  
o v e r a l l  r e d u c t i o n  i n  moment. 

Some v a r i a n c e  of t he  bending dynamics e f f e c t  w i t h  f l i g h t  time 
is caused by t h e  aerodynamic f o r c e s  a c t i n g  on the  v e h i c l e .  However, 
i n  a l l  cases ,  t h e  c o n t r i b u t i o n  of bending dynamics t o  the bending 
moment i n  the  s p a c e c r a f t  is  l a r g e ;  t h e r e f o r e ,  e l a s t i c  body e f f e c t s  
cannot be neglected i n  the v e h i c l e  a n a l y s i s .  
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V I  1. RESULTS 


A. Gross Effect of Ensemble Compared to Synthetic Profile 
To o b t a i n  some i n s i g h t  i n t o  t h e  gene ra l  c h a r a c t e r i s t i c s  of 

t he  v e h i c l e  response t o  t h e  wind ensemble, t he  response t o  each 
i n d i v i d u a l  p r o f i l e  is superimposed on the  response obtained by using 
a s y n t h e t i c  p r o f i l e .  Only one case  f o r  the s y n t h e t i c  p r o f i l e  is  used; 
that is the  wind peaking a t  75 seconds f l i g h t  t ime, which is i n  the 
r e g i o n  of maximum dynamic p res su re .  Figure 20, showing t h e  wind 
v e l o c i t y  ve r sus  f l i g h t  time f o r  t h e  u n f i l t e r e d  wind ensemble, c l e a r l y  
i n d i c a t e s  t h a t  most of t h e  i n d i v i d u a l  wind p r o f i l e s  have a peak wind 
v e l o c i t y  l e s s  than the  s y n t h e t i c  p r o f i l e .  The average wind v e l o c i t y  
of the i n d i v i d u a l  p r o f i l e s  f a l l s  below the wind v e l o c i t y  of t he  syn
t h e t i c  p r o f i l e  throughout t h e  f l i g h t  regime, except  i n  the e a r l y  p a r t  
of f l i g h t  (0 t o  30 seconds) .  Since the  s y n t h e t i c  p r o f i l e  w a s  designed 
f o r  a 95 pe rcen t  "worst month" wind magnitude and 99 pe rcen t  wind shea r  
and g u s t ,  t h e s e  r e s u l t s  are expected. A l l  of t he  v e h i c l e  responses 
show t h i s  s a m e  gene ra l  behavior ,  w i t h  most of t he  responses  of t he  
i n d i v i d u a l  p r o f i l e s  being concentrated below the  response of t he  syn
t h e t i c  p r o f i l e  w i t h  g u s t .  The except ions a r e  the  bending mode d i s 
placements, a n g l e  of a t t a c k ,  and bending moment (Figures  2 0 ,  2 1 ,  22), 
which show a s u b s t a n t i a l l y  higher  response f o r  t he  i n d i v i d u a l  p r o f i l e s  
during the  f i r s t  30 seconds of f l i g h t  than t h a t  obtained using a syn
t h e t i c  p r o f i l e .  This is due t o  the l a r g e r  wind magnitudes of t h e  
i n d i v i d u a l  p r o f i l e s  during the  f i r s t  30 seconds of f l i g h t  time. Since 
the  f l i g h t  time of major concern (maximum dynamic p res su re )  is o u t s i d e  
t h i s  r eg ion ,  t hese  d i f f e r e n c e s  are n e g l i g i b l e .  The s t a t emen t  can be 
made from t h i s  gene ra l  approach that the s y n t h e t i c  p r o f i l e  should pro
duce a s l i g h t l y  conse rva t ive  design and should,  i n  g e n e r a l ,  g i v e  a 
r e p r e s e n t a t i v e  response.  

A comparison of t he  f i l t e r e d  winds wi th  the s y n t h e t i c  p r o f i l e  
without  g u s t  shows the  s a m e  t r ends  (Figures 2 3 ,  2 4 ,  2 5 ) .  There are 
about  two winds t h a t  peak above the s y n t h e t i c  p r o f i l e  peak wind va lue .  
The response fol lows the same p a t t e r n  wi th  only one o r  two winds c r e a t 
ing peak responses  equa l ing  the response obtained from t h e  s y n t h e t i c  
p r o f i l e  w i thou t  g u s t .  The most n o t i c e a b l e  change i n  response is from 
one wind t h a t  c r e a t e s  an  engine d e f l e c t i o n  response 30 percen t  g r e a t e r  
t han  t h a t  caused by the  s y n t h e t i c  p r o f i l e  without  g u s t .  
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4 Figure 21. Synthe t ic  P r o f i l e  wi th  Gust Compared wi th  Wind Ensemble Unf i l te red  
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Figure 22. Syn the t i c  P r o f i l e  w i th  Gust Compared w i t h  Wind Ensemble Unf i l t e r ed  

0 



0 Second Sloshing E 2  100 t 0 T h i r d  Sloshing t 3  100t 

w 

\o Figure 23. Synthetic P r o f i l e  Without Gust Compared with Wind Ensemble F i l t e r e d  




t 

Figure 24. Syn the t i c  P r o f i l e  Without G u s t  Compared wi th  Wind Ensemble F i l t e r e d  
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B. Effects of Wind Components on  Response for Gyro 
Control System 

The in f luence  of the v a r i o u s  wind components on v e h i c l e  
response can be a s ses sed  'in many ways. As was s t a t e d  e a r l i e r ,  t h i s  
s t u d y  a t t empt s  t o  i s o l a t e  t he  wind components of many i n d i v i d u a l  wind 
p r o f i l e s  t o  s tudy  t h e i r  e f f e c t s  on v e h i c l e  response f o r  s e v e r a l  types 
of c o n t r o l  l a w s .  Many. ways of ob ta in ing  and r e p r e s e n t i n g  the  r e s u l t s  
a r e  p o s s i b l e .  The ones used a r e  v a r i a n c e  and mean of response ou tpu t  
and p r o b a b i l i t y  ou tpu t .  

The mean wind speeds of the f i l t e r e d  and u n f i l t e r e d  wind 
ensembles a r e  ve ry  c l o s e  i n  magnitude throughout f l i g h t  time, w i t h  t h e  
u n f i l t e r e d  wind  ensembles always t h e  lower va lue  (Figure 26).  The 

Wind Velocity Vorionco, d, V $ / 4  ( m I s o c )  

Wind Volocity, V w 1 2  ( n l s t c )  
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Time ( t o c l  

Figure 2 6 .  Meanyvariance and Mean Plus  30 f o r  Wind Ensemble vs Time 

v a r i a n c e ,  however, is much l a r g e r  i n  the  maximum dynamic p res su re  r eg ion  
f o r  t he  u n f i l t e r e d  ensemble, thus i n d i c a t i n g  the  in f luence  of t he  wind 
turbulence (Figure 2 7 ) .  There is v e r y  l i t t l e  d i f f e r e n c e  i n  the  v e h i c l e  
engine response t o  the u n f i l t e r e d  ensemble and t h e  f i l t e r e d  ensemble 
i n  both the  mean and va r i ance .  This i n d i c a t e s  a low s e n s i t i v i t y  of 
t he  engine d e f l e c t i o n  response t o  tu rbu lence ,  f o r  gyro c o n t r o l  only. 
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Figure 27. Mean,Variance and Mean Plus  30 f o r  Engine D e f l e c t i o n  v s  Time 

The p l o t s  con ta in  the v a r i a n c e ,  mean, and mean plus  t h r e e  times t h e  
s t anda rd  d e v i a t i o n .  Since t h e  d i s t r i b u t i o n  is  n o t  Gaussian, t h e  mean
plus-30 va lue  does not  produce a 99 pe rcen t  v a l u e ,  b u t  i t  does guarantee 
that a t  l e a s t  87 pe rcen t  of t he  va lues  w i l l  f a l l  i n t o  t h i s  l e v e l  [9] .  

The bending moment a t  s t a t i o n  25 (Figure 28) shows a lower 
v a r i a n c e ,  mean, and 30-plus-mean f o r  t h e  f i l t e r e d  p r o f i l e s  i n  compari
son t o  t h e  u n f i l t e r e d .  However, t h e  d i f f e r e n c e  between the response 
i s  s m a l l ,  showing a s m a l l  i n f luence  of t h e  turbulence on response of 
t h e  bending moment a t  t h i s  s t a t i o n .  

A t  s t a t i o n  90, f o r  e i g h t y  seconds f l i g h t  time, t he  in f luence  
of turbulence becomes l a r g e r ,  w i t h  an  inc rease  i n  t h e  mean bending 
moment and the  mean p lus  30 v a l u e  showing approximately a 30 pe rcen t  
i n c r e a s e  due t o  t h e  wind tu rbu lence  (Figure 29). The v a r i a n c e  between 
the  u n f i l t e r e d  and f i l t e r e d  winds is  ve ry  c l o s e  i n  magnitude, t he  main 
d i f f e r e n c e  i n  response becoming the change i n  mean va lue .  Although 
t h e s e  r e s u l t s  have shown some conclusive t r e n d s ,  t h e  computation of 
the v a r i a n c e  and mean on the  analog computer con ta ins  inaccurac i e s  
because of the use  of many m u l t i p l i e r s .  The r e s u l t s  should t h e r e f o r e  
be i n t e r p r e t e d  i n  t h i s  l i g h t .  P a r t i c u l a r l y ,  t h e  v a r i a n c e  should be 
i n t e r p r e t e d  i n  this manner s i n c e  the  small d i f f e r e n c e  between two 
cases  could e a s i l y  be caused by inaccurac i e s  i n  t h e  computer. 
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Although a more a c c u r a t e  computation f o r  t h i s  computer is the  
p r o b a b i l i t y  of a response,  i t  i s  much too  time consuming t o  e v a l u a t e  as 
a func t ion  of time. Therefore ,  we compute the  p r o b a b i l i t y  i n  terms of 
one exceedance per  p r o f i l e  i n  the high dynamic p res su re  r eg ion  of 50 t o  
80 seconds f l i g h t  time. P r o b a b i l i t y  can be computed i n  terms of a n  
o v e r a l l  p r o b a b i l i t y  or  t he  p r o b a b i l i t y  of launching during a s p e c i f i c  
per iod of t h e  yea r ,  f o r  example, t h e  worst  wind month. For t h i s  reason,  
r e s u l t s  w i l l  be presented f o r  t he  worst  month (March) a t  Cape Kennedy, 
F l o r i d a ,  and f o r  t h e  t o t a l  wind ensembles, u n f i l t e r e d ,  f i l t e r e d ,  and 
turbulence,  which a r e  measured over a two-year per iod.  Since the  MSFC 
s y n t h e t i c  wind p r o f i l e  has been widely used i n  v e h i c l e  design,  r e s u l t s  
a r e  shown on the  graphs f o r  t he  s y n t h e t i c  p r o f i l e  wit.h and without  g u s t .  

F igu re  30 shows that the engine d e f l e c t i o n  i s  inf luenced ve ry  
l i t t l e  by turbulence;  i . e . ,  about a 10 pe rcen t  i n c r e a s e .  When the  
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Figure 30. Engine Def l ec t ion  v s  P r o b a b i l i t y  of Not Exceeding 

ensemble is  compared t o  t h e  worst  month case ,  t h e  i n c r e a s e  i n  response 
is doubled (- 20 p e r c e n t ) .  The s y n t h e t i c  p r o f i l e  produces a conse rva t ive  
response v a l u e ;  however, t he  response of t h e  turbulence ensemble (95 per
cen t  p r o b a b i l i t y )  is about  equal t o  the  d i f f e r e n c e  between the  response 
of t he  s y n t h e t i c  p r o f i l e  w i t h  and wi thou t  g u s t .  
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The r i g i d  body a n g l e  of a t t a c k  shows approximately the same 
in f luence  due t o  tu rbu lence  (10 pe rcen t )  (Figure 3 1 ) .  The d i f f e r e n c e  
i n  a n  a n g l e  of a t t a c k  due t o  t h e  s y n t h e t i c  p r o f i l e  w i t h  and without  
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Figure 31. Angle of Attack vs P r o b a b i l i t y  of Not Exceeding 

g u s t  is l a r g e r  than the  a n g l e  of a t t a c k  obtained from the  turbulence 
ensemble, i n d i c a t i n g  a s l i g h t l y  seve re  g u s t  r e p r e s e n t a t i o n  on the 
s y n t h e t i c  p r o f i l e .  A good c o r r e l a t i o n  between the  s y n t h e t i c  p r o f i l e  
w i t h  g u s t  and t h e  u n f i l t e r e d  ensembles is  obtained a t  the  99 .9  pe rcen t  
p r o b a b i l i t y  l e v e l .  The s y n t h e t i c  p r o f i l e  w i t h  g u s t  produces a va lue  
equal  t o  t h e  99 pe rcen t  p r o b a b i l i t y  level f o r  t he  March winds. 

The f i r s t  bending mode displacement a t  the  v e h i c l e  nose (Fig
u re  32)  shows the  same t rends as the  engine d e f l e c t i o n .  The second 
bending mode displacement (veh ic l e  nose) (Figure 3 3 )  is similar a l s o .  
However, it is s l i g h t l y  more s e n s i t i v e  t o  the  wind turbulence.  

The response of t he  l i q u i d  i n  t h e  p r o p e l l a n t  tanks (Figures  3 4 ,  
35, 3 6 )  i n d i c a t e s  t he  same t r ends .  For each of t hese  parameters,  t he  
response due t o  turbulence a t  any one p r o b a b i l i t y  leve.1 can be added t o  
the response due t o  the  f i l t e r e d  ensemble t o  produce about t he  same 
response obtained from the  u n f i l t e r e d  ensemble. The 99.9 percent  
turbulence response va lue  approximates the  d i f f e r e n c e  i n  response 
obtained from the  s y n t h e t i c  p r o f i l e  w i t h  and wi thou t  g u s t .  
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Figure 32 .  F i r s t  Bending Mode Def l ec t ion  vs P r o b a b i l i t y  of N o t  Exceeding 
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Figure  3 4 .  F i r s t  Slosh Mode vs P r o b a b i l i t y  of Not Exceeding 
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Figure  35. Second Slosh Mode vs P r o b a b i l i t y  of Not Exceeding 
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Figure 36 	 Third S losh  Mode Def l ec t ion  vs 
P r o b a b i l i t y  of Not Exceeding 

The p r o b a b i l i t y  of a bending moment va lue  n o t  being exceeded 
i n  f l y i n g  through a n  ensembl'e of winds is  shown on Figure 37 f o r  v e h i c l e  
s t a t i o n .  25.. .The influe,nce of turbulence on t h i s  bending moment is  s m a l l ,  
c o r r e l a t i n g  a g a i n  the  in f luence  of turbulence wi th  the in f luence  of bend
ing dynamics on bending moment v a l u e s .  ',When one p r o b a b i l i t y  l e v e l  of 
t he  v e h i c l e  response t o  the turb,ulence is  added t o  the  same p r o b a b i l i t y  
l e v e l  of the v e h i c l e  response to' the  f i l t e r e d  ensemble, the r e s u l t i n g  
va lue  c l o s e l y  approximates the  response va lue  obtained f o r  the t o t a l  
ensemble. 

The s y n t h e t i c  p r o f i l e  w i t h  g u s t  produces a response va lue  t h a t  
has approximately a 0 . 1  pe rcen t  p r o b a b i l i t y  of being exceeded i n  terms 
of t he  t o t a l  ensemble, and approximately a 1 . 0  pe rcen t  p r o b a b i l i t y  i n  
terms of March w i n d s .  S i m i l a r l y ,  t he  s y n t h e t i c  p r o f i l e  w i thou t  g u s t  
produces a response va lue  w i t h  a 0.1 pe rcen t  p r o b a b i l i t y  of being 
exceeded i n  terms of t he  f i l t e r e d  ensemble. 

A s  was expected, t h e  in f luence  of turbulence a t  s t a t i o n  90 
(30 pe rcen t )  i s  much higher  than a t  s t a t i o n  25 ( see  Figure 3 8 ) .  A s  
a l r e a d y  pointed o u t ,  t h i s  corresponds t o  a r eg ion  wi th  a l a r g e  in f luence  
of bending dynamics on the  bending moment. The s p e c t r a l  d e n s i t y  of t he  
turbulence shows a l a r g e  concen t r a t ion  oE energy i n  the one t o  two Hertz  
r e g i o n  (Figure 9)  i n d i c a t i n g  t h e  source of e x c i t a t i o n  of bending dynamics. 
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Figure 38. Bending Moment a t  S t a t i o n  90 vs 
P r o b a b i l i t y  of Not Exceeding 
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The t o t a l  u n i t  compressive load follows the  same trend as the  
bending moment, except  t h a t  the l o n g i t u d i n a l  loading d i l u t e s  t he  bend
ing dynamics e f f e c t  (Figures  39, 4 0 ) .  A t  s t a t i o n  25, turbulence con
t r i b u t e s  only about  f o u r ? p e r c e n t  t o  the  t o t a l  load. The c o n t r i b u t i o n  
of turbulence t o  the t o t a l  load a t  s t a t i o n  90 is approximately 10 pe rcen t .  

A v e h i c l e ' s  bending moment o r  load can b e . i n f l u e n c e d  s i g n i f i 
c a n t l y  by wind turbulence.  The amount of i n f luence  is determined by 
t h e  frequency c h a r a c t e r i s t i c s  of the v e h i c l e  and of t he  turbulence.  
It was  shown that when these  frequency cond i t ions  were met, t he  i n f l u 
ence of turbulence could be r e l a t e d  t o  t h e  in f luence  of e l a s t i c  body 
dynamics on the t o t a l  bending moment. 
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Figure 39. To ta l  Load a t  S t a t i o n  25 vs P r o b a b i l i t y  of Not Exceeding 
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Figure 40. To ta l  Load a t  S t a t i o n  90 vs  P r o b a b i l i t y  of Not Exceeding 

C. Severe Profiles 
Addi t iona l  i n s i g h t  i n t o  the  turbulence e f f e c t  is gained i f  

p r o f i l e s  causing excessive bending moment va lues  a r e  i s o l a t e d .  Severe 
p r o f i l e s  were i s o l a t e d  using the bending moment a t  s t a t i o n  90. Two 
d i s t i n c t  types of p r o f i l e s  were found: (1) high wind magnitude and 
moderate wind s h e a r s ,  and ( 2 )  moderate wind magnitude and l a r g e  wind 
s h e a r s .  Both types of p r o f i l e s  were seve re  using the loading a t  s t a 
t i o n  90 as an  i n d i c a t o r ,  b u t  only the l a r g e  wind magnitude p r o f i l e  
produced seve re  loads a t  s t a t i o n  25. 

A t y p i c a l  p r o f i l e  shows the  bending moment a t  s t a t i o n  25 
r e s u l t i n g  from the  high wind magnitude w i t h  only a n e g l i g i b l e  i n c r e a s e  
caused by the  turbulence (Figures 41, 42) .  S t a t i o n  90, f o r  t h i s  same 
wind, shows a higher  s e n s i t i v i t y  t o  the  turbulence compared t o  the 
mean wind magnitude. However, t he  in f luence  i s  s t i l l  moderate w i t h  . 

t h e  l a r g e  wind speed c r e a t i n g  a s u b s t a n t i a l  p a r t  of t he  load.  

5 2  




0 Wind Velocity,  V, 100 1 

a ( d e g )  
11.44 

10.01 

8.58 


7.15 


5.72 

4.29 


2.86 


1.43 


0 
50 Angle of  At tack,  a 

cn 


V, (m/sec)  
80 

70 

60 


50 


40 


30 


20 


I O  

0 

50 Wind Velocity, Vw 

,9 ( d e g )  
2.03 
1.74 


1.45 

1.16 


.87 


.58 


.29 


0 


-.29 
50 Engine D e f l e c t i o n ,  f l  

w Figure 41. Vehicle Response f o r  Wind (9/15/65 a t  1:00 P.M.) 



cn h M, N-m)  N, N / m )  

50 Bending Moment, M, (sta 25) 901 50 Total Load , N, (sta 25) 90 t 

M, N-m) N, N / m )  

50 Bending Moment, M, (sta 90) 90 t 50 Total L o a d ,  N, (sta 90) 90 t 

Figure 42. Vehicle Response f o r  Wind (9/15/65 a t  1:00 P.M.) 



Vu (m/sec) Vu (m/sec)
80 80 
70 70 
60 60 

50 50 

40 40 

30 30 

20 20 

10 i o  
0 0 

0 Wind Velocity,  V, .100 t 50 Wind Velocity,  V, 90 t 

a ( d e g )  B (deg)  
12.87 
11.44 

10.01 

7.15 


5.72 


4.29 


2.86 


1.43 


0
50 Angle o f  A t t a c k ,  Q 90 t 50 Engine D e f l e c t  ion, B 90 t 

Figure 43. Vehicle Response f o r  Wind (1123165 a t  1:00 A . M . )  



cn m M e  N - m )  Nc N / m )  

50 Bending Moment, M, (sta 25) 90 t , 50 Total Load , N, (sta 25) 90 t 
MR N - m )  Nc (IO-' N/m) 

50 Bending Moment, M, (sta 90) 90 t 50 Total Load, N, (sta 90) 90 t 

Figure 4 4 .  Vehicle Response f o r  Wind (1123165 a t  1 : O O  A . M . )  



BENDING MOMENT INCLUDING 1.4 SAFETY FACTOR 
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The low wind magnitude, high wind turbulence p r o f i l e ,  found t o  
be seve re  a t  s t a t i o n  90 (Figures  4 3 ,  4 4 ) ,  shows l a r g e  e x c i t a t i o n  of t he  
bending dynamics. The small mean wind va lue  of t h i s  p r o f i l e  r e s u l t e d  
i n  only moderate bending moment response a t  s t a t i o n  25 .  This p a r t i c u 
lar  p r o f i l e  produced the l a r g e s t  bending moment va lue  obtained from the 
whole ensemble a t  s t a t i o n  90 ( 5 . 2  x l o 5  Nm). The previous wind ( l a r g e  
wind magnitude) produced a .bending moment va lue  of 4 . 8  x l o 5  Nm a t  t h i s  
s t a t i o n .  Of the  twenty most s eve re  wind p r o f i l e s  f o r  s t a t i o n  90, s i x  
were of t h i s  low wind speed, l a r g e  turbulence v a r i e t y  (Figures 4 3 ,  1A; 
3A, 23A, 27A) .  It is obvious that t h i s  type of wind w i l l  i n f luence  
ope ra t iona l  procedures.  That is', a d e c i s i o n  t o  launch cannot be made 
on wind measurement a lone ;  i t  must i nc lude  prelaunch monitor ing.  This 
prelaunch monitoring s imula t e s  t he  v e h i c l e  f l i g h t  through winds measured 
during va r ious  per iods be fo re  t h e  p red ic t ed  launch and determines launch 
dec i s ions  as t o  s t r u c t u r a l  loads ve r sus  s t r u c t u r a l  c a p a b i l i t y  using 
s t a t i s t i c s  of wind p e r s i s t e n c e  (Figure 4 5 ) .  
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These r e s u l t s  show t h e  n e c e s s i t y  of t o t a l  v e h i c l e  s i m u l a t i o n  i n  
prelaunch wind monitor ing and show the  f a l l a c y  of u s ing  wind magnitude o r  
engine d e f l e c t i o n  and a n g l e  of a t t a c k  as a c r i t e r i o n  f o r  making launch 
d e c i s i o n s .  The a d d i t i o n a l  worst  p r o f i l e s  ranked a t  s t a t i o n  90 and t h e  
v e h i c l e  responses  i n  the  o rde r  of s e v e r i t y  a r e  g iven  i n  the  appendix. 
Several  p r o f i l e s  of low’wind magnitude, high wind s h e a r  occur i n  t h i s  
upper 20 p e r c e n t  grouping. 

The in f luence  of t h e s e  two types of wind p r o f i l e s  on t h e  engine 
d e f l e c t i o n  and ang le  of a t t a c k  is  ve ry  pronounced. The l a r g e  wind p r o f i l e  
produces l a r g e  a n g l e  of a t t a c k  and engine d e f l e c t i o n s  (Figures 41, 43) .  
The low wind magnitude p r o f i l e ,  however, produces small engine d e f l e c 
t i o n s  and ang le  of a t t a c k  as shown i n  Figures  41 and 4 3 .  

D. Small  Duration Wind Disturbance Effects On 
Cont roI System Optimizat ion 

The in f luence  of wind shea r s  on c o n t r o l  system design is more 
complicated .to a s s e s s  than s t r u c t u r a l  l oads .  Many f a c t o r s  a r e  involved; 
f o r  example, t r ade -o f f  of v e h i c l e  response ve r sus  s t a b i l i t y  margins. 
Again, t h e  e f f e c t  of turbulence on the r e s u l t s  corresponds t o  the r eg ion  
of high bending dynamic in f luence .  Control g a i n s ,  using a n  accelerometer  
optimized f o r  bending moment o r  t o t a l  load a t  s t a t i o n  25,  show n e g l i g i b l e  
in f luence  of t u rbu lence ,  i n d i c a t i n g  t h a t  a r easonab le  r e d u c t i o n  i n  bend
ing moment can be obtained by inc reas ing  t h e  accelerometer  g a i n ,  g2. 
This is i l l u s t r a t e d  using the  f i l t e r e d  and u n f i l t e r e d  p r o f i l e s ,  w i t h  
both showing approximately the  same percentage r educ t ion .  The d i f f e r e n c e  
i n  t o t a l  v a l u e  is  due t o  the higher  peak winds of the u n f i l t e r e d  p r o f i l e s  
(Figures 46, 47).  

A t  s t a t i o n  90, the in f luence  of t u rbu lence  is  pronounced. Very 
l i t t l e  r educ t ion  i n  bending moment o r  t o t a l  load is p o s s i b l e  using the  
u n f i l t e r e d  p r o f i l e s ;  however, t he  f i l t e r e d  p r o f i l e s  show a good reduc
t i o n  i n  bending moment as g 2  inc reases  (Figures  48, 49) .  

The e f f e c t  is summarized by p l o t t i n g  the  99 p e r c e n t  bending 
moment v a l u e  f o r  t he  t h r e e  wind ensembles ve r sus  t h e  r a t i o  of accelerom
e t e r  g a i n  t o  p o s i t i o n  gyro g a i n  (Figure 50). Also included a r e  the 
r e s u l t s  obtained using the  spectrum of t h e  turbulence.  This f i g u r e  
shows that inc reas ing  the accelerometer  g a i n  inc reases  t h e  bending 
moment f o r  t he  turbulence p r o f i l e  while  decreasing the  moment f o r  t he  
u n f i l t e r e d  and f i l t e r e d  ensemble, where the r e d u c t i o n  is l e s s  f o r  t he  
u n f i l t e r e d  ensemble. Turbulence or  small shea r s  must be included i f  
c o n t r o l  system ga ins  a r e  t o  be optimized f o r  forward s t a t i o n s .  S t a t i o n s  
where bending dynamics e f f e c t s  a r e  small show ve ry  l i t t l e  change i n  the 
optimal ga ins  between the f i l t e r e d  and u n f i l t e r e d  winds. The e f f e c t  of 
small s c a l e  s h e a r s  on c o n t r o l  system des ign  is t h e r e f o r e  d i c t a t e d  by the  
c r i t i c a l  v e h i c l e  s t a t i o n  f o r  which the ga ins  a r e  t o  be optimized. 
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Figure 4 6 .  	 Bending Moment a t  S t a t i o n  25 vs P r o b a b i l i t y  of 
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Figure 48. 	 Bending Moment a t  S t a t i o n  90 vs P r o b a b i l i t y  of Not Exceeding 
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Figure 4 9 .  	 T o t a l  Load a t  S t a t i o n  90 vs P r o b a b i l i t y  of Not Exceeding for 
Tota l  Wind Ensemble and F i l t e r e d  Ensemble 
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Figure 50. Comparison of Analog Resul ts  Using D e t a i l  Wind P r o f i l e s  
w i t h  Generalized Harmonic Analysis  Using Spectrum f o r  Turbulence 

I n  g e n e r a l ,  t h i s  can be determined only a f t e r  the s t r u c t u r e  has been 
designed. A t  t h i s  s t a g e  of des ign ,  the v e h i c l e  response i s  evaluated 
and compared t o  the  s t r u c t u r a l  design va lues  t o  determine the  weak 
a r e a s .  I f  t he  weak a r e a s  occur i n  the  forward t h i r d  of the v e h i c l e ,  
turbulence should be included i n  the f i n a l  op t imiza t ion  of the c o n t r o l  
system. 

The in f luence  of t he  turbulence i n  opt imizing the  c o n t r o l  sys 
tem ga ins  to.t%sponse of engine d e f l e c t i o n  o r  a n g l e  of a t t a c k  is  shown 
i n  Figures 51 and 52.  Inc reas ing  the accelerometer  g a i n  reduces the  
engine d e f l e c t i o n  s i g n i f i c a n t l y  f o r  t he  f i l t e r e d  p r o f i l e s  (20 pe rcen t )  
while  f o r  the u n f i l t e r e d  p r o f i l e s  engine d e f l e c t i o n  i s  reduced only 
8 pe rcen t .  I n  the  turbulence ensemble, i nc reas ing  g 2  i n c r e a s e s  the 
engine d e f l e c t i o n  about  10 pe rcen t .  

There is  ve ry  l i t t l e  i n f luence  on the ang le  of a t t a c k .  I n  a l l  
cases  inc reas ing  g2 reduces the  a n g l e - o f  a t t a c k  a maximum of 10 pe rcen t .  
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Figure 51. 	 Engine D e f l e c t i o n  vs P r o b a b i l i t y  of Not Exceeding f o r  T o t a l  
Wind Ensemble and F i l t e r e d  Ensemble 
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Figure  52. 	 Angle of Attack vs P r o b a b i l i t y  of Not Exceeding f o r  To ta l  
Wind Ensemble and F i l t e r e d  Ensemble 
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The t r ends  are summarized on Figure 53 which shows the  r e , s u l t s  
obtained us ing  a spectrum of the  wind turbulence.  Included i n  t h e s e  
r e s u l t s  are the  in f luence  of t he  p o s i t i o n  gyro g a i n  a, and the r a t i o  of 

0 .04 0 8  .I2 .I6 .20 .24 
Q 2 P O  

Figure 53. E f f e c t  of Control  System Gains on Engine Def l ec t ion  
Using Spectrum of Wind Turbulence 

accelerometer  g a i n  g, t o  t he  p o s i t i o n  gyro g a i n  a,. A t  s t a t i o n  90, the 
bending moment, engine d e f l e c t i o n ,  and f i r s t  bending mode d e f l e c t i o n  
i n c r e a s e  wi th  i n c r e a s i n g  accelerometer  g a i n  g2. Inc reas ing  the p o s i t i o n  
gyro g a i n  a, i nc reases  the  engine d e f l e c t i o n ,  b u t  decreases  the  bending 
moment ( s t a t i o n  90) and the  f i r s t  bending mode displacement.  

These r e s u l t s  show t h a t  t he  turbulence in f luences  the  optimiza
t i o n  of t he  c o n t r o l  system ga ins .  Introducing a n g l e  of a t t a c k  feedback 
i n  the form of a m e t e r  o r  accelerometer  can reduce t h e  engine response,  
ang le  of a t t a c k ,  bending moment and t o t a l  load f o r  s t e a d y  s t a t e  winds, 
and slowly changing shea r s .  This same system i n c r e a s e s  the  responses  
f o r  turbulence a lone .  

These same t r ends  can be i l l u s t r a t e d  i n  ano the r  manner by com
put ing t h e  mean and v a r i a n c e  as a f u n c t i o n  of f l i g h t  time using accelerom
e t e r  g a i n  g 2  as a pa rame te r  (Figures  54 through 59) .  Inc reas ing  g2 reduces 
t h e  mean response f o r  bending moments a t  s t a t i o n s  25 and 90. I n  g e n e r a l ,  
t h e r e  i s  a s l i g h t  i n c r e a s e  i n  t h e  v a r i a n c e ,  a l though  t h i s  t rend i s  n o t  
conclusive because of probable e r r o r s  i n  computing v a r i a n c e s  on an  analog 
computer. 
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(M:(90) I 0.59 . I 0.45 0.57 0.44 

E. Comparison of Methods 

The m e r i t s  of t he  v a r i o u s  approaches f o r  handling wind inpu t s  
have been i l l u s t r a t e d  by showing va lues  obtained from (1) the  s y n t h e t i c  
p r o f i l e  w i t h  and without  g u s t ,  (2) u n f i l t e r e d  , f i l t e r e d  and turbulence 
ensembles, and (3) t he  gene ra l i zed  harmonic a n a l y s i s .  The fol lowing 
t a b l e s  compare t h e  99.8 percen t  va lues  obtained from t h e  ensembles w i t h  
t h e  s y n t h e t i c  p r o f i l e s  and  t h e  s p e c t r a l  a n a l y s i s  f o r  an  a t t i t u d e  c o n t r o l  
system. 

S y n t h e t i c  1 S y n t h e t i c  I I Generalized 
Variable  wi th  wi thou t  Unf i l t e r ed  F i l t e r e d  Turbulence Harmonics 

Gust Gust Ana 1ys is  

a 0.86" 0.92" 

B 1 . 1 7 "  1.07" I 1.05" I 1 .00"  0.055" 0.035" 

27 24 25.5 27 2.5 I 2.8 

;:(go) 1 0.59 . I 0.45 I1 0.57 I 0.44 ETrLT 
* 

Bending moment (MB) given i n  Nm x lo6 .  

Acc. Ga i n  Syn the t i c  Syn the t i c  Generalized 
wi th  wi thou t  U n f i l t e r e d  F i l t e r e d  Turbulence Harmonics

g 2  Gus t Gus t Analysis 

0 I 0.59 0.45 0.57 0.44 0.13 

0.03 	 I 0.50 0.43 0.13 
I 

0.05 1 0.47 0.41 0.14 0.15 

?'r
Bending moment a t  s t a t i o n  90 given i n  Nm x lo6 .  

The va lues  obtained from gene ra l i zed  harmonic a n a l y s i s  a r e  
s l i g h t l y  conse rva t ive  when compared t o  the  turbulence ensemble w i t h  the 
except ion of t he  engine d e f l e c t i o n ,  p. ' The  s y n t h e t i c  p r o f i l e  w i t h  g u s t  
produced an  excessive bending moment a t  s t a t i o n  90 when compqred t o  the  
u n f i l t e r e d  ensemble. Otherwise, a good comparison is obtained between 
the  s y n t h e t i c  p r o f i l e  (without g u s t )  and f i l t e r e d  ensemble, and between 
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s y n t h e t i c  p r o f i l e  (with g u s t )  and u n f i l t e r e d  ensemble. These r e s u l t s  
i n d i c a t e  t h a t ,  f o r  v e h i c l e s  such as Sa tu rn  V, a good s t r u c t u r a l  design 
could be obtained using almost any combination of approaches which 
accounted f o r  t he  g u s t  o r  turbulence.  

The in f luence  on the  op t imiza t ion  of c o n t r o l  systems f o r  t h e  
va r ious  methods of handling wind inpu t s  is determined by comparing t h e  
bending moment a t  s t a t i o n  90 f o r  v a r i o u s  accelerometer  ga ins  (g2). 

Comparison of the s y n t h e t i c  p r o f i l e  w i th  the  u n f i l t e r e d  wind 
ensemble a t  s t a t i o n  25 shows t h a t  the s y n t h e t i c  p r o f i l e  is  a good r ep re 
s e n t a t i o n  of wind inpu t  f o r  gyro c o n t r o l .  For d r i f t  minimum c o n t r o l  
(g2 = 0 . 0 3 ) ,  t he  s y n t h e t i c  p r o f i l e  is a good r e p r e s e n t a t i o n  of the wind 
inpu t  f o r  t he  determinat ion of the bending moment a t  both s t a t i o n s ;  
however, f o r  gyro c o n t r o l ,  i t  is  too s e v e r e  a t  s t a t i o n  90 where t h e r e  
is more s e n s i t i v i t y  t o  turbulence than t o  wind magnitude. A l s o ,  f o r  
high load r e d u c t i o n  accelerometer  g a i n s ,  t he  s y n t h e t i c  p r o f i l e  is  too  
o p t i m i s t i c  a t  s t a t i o n s  t h a t  a r e  s e n s i t i v e  t o  turbulence.  The r e s u l t s  
i n d i c a t e  t h a t  the s y n t h e t i c  p r o f i l e  can be a ve ry  u s e f u l  t o o l  once i t  
has been v e r i f i e d  f o r  a p a r t i c u l a r  type of v e h i c l e .  

F. Impact of Results on  Launch Vehicle Design 
and Flight Operations 

This s tudy  of the Saturn V launch v e h i c l e . r e s p o n s e  t o  va r ious  
a s p e c t s  of d e t a i l e d  wind components has shown t h e  n e c e s s i t y  f o r  a 
r e o r i e n t a t i o n  i n  the  design and o p e r a t i o n a l  philosophy f o r  launch 
v e h i c l e s .  I n  p re sen t ing  the r e s u l t s ,  i t  has been t a c i t l y  assumed t h a t  
the r eade r  understood the  response of the v e h i c l e  t o  the quas i - s t eady  
o r  mean wind speed, as i l l u s t r a t e d  f o r  a s p e c i a l  wind case f o r  the r i g i d  
v e h i c l e .  The major emphasis has been placed on the  change i n  t h i s  b a s i c  

..,response due. t o  e l a s t i c  v e h i c l e  dynamics and wind turbulence.  This see
t i o n  dis&$ses these  impacts on s t r u c t u r a l  des ign ,  c o n t r o l  system o p t i 
mizat ion,  and f l i g h t  ope ra t ions .  

The only r e a l i s t i c  approach t o  s t r u c t u r a l  design appears t o  be 
a complete system a n a l y s i s  of the v e h i c l e  dynamics and c o n t r o l  w i th  a 
good r e p r e s e n t a t i o n  of t he  wind f i e l d  (magnitude, s h e a r ,  and g u s t ) ,  
This is due t o  the e s t a b l i s h e d  in f luence  of bending dynamics and turbu
l ence  on the  bending moment and u n i t  compressive load.  Bending moment 
responses due t o  turbulence,  i n  some cases  a r e  as much as 30 pe rcen t  
higher  than ind ica t ed  f o r  the nonturbulent  winds. 

The MSFC design p r o f i l e  is  a s y n t h e t i c  r e p r e s e n t a t i o n  of the 
magnitude, s h e a r ,  and g u s t  of the wind. A s i m p l i f i e d  prel iminary 
a n a l y s i s  can be made using a r i g i d  body approach wi th  the  s y n t h e t i c  
p r o f i l e  w i thou t  g u s t ,  p lus  r e s u l t s  from the  e l a s t i c  body system, using 
gene ra l i zed  harmonic a n a l y s i s .  The r e s u l t s  obtained from the  t o t a l  
e l a s t i c  system would be added t o  the  peak va lues  from the r i g i d  body 
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response t o  o b t a i n  the  des ign  va lue .  This method would save computer 
time s i n c e  30 spreads i n  v e h i c l e s  parameters m u s t  be considered i n  
ob ta in ing  the peak va lues  [SI. Although t h i s  approach does no t  prop
e r l y  account f o r  t he  phasing of a l l  v e h i c l e  responses i n  c a l c u l a t i n g  
t h e  load ,  t h e  r e s u l t s  should be more than adequate f o r  p re l imina ry  work. 

The f i n a l  v e r i f i c a t i o n  of t he  s t r u c t u r a l  des ign  should be made 
i n  terms of t he  i n d i v i d u a l  p r o f i l e s .  The number and c ross  s e c t i o n  of 
a v a i l a b l e  p r o f i l e s  must be determined by the  design philosophy. For 
example, i f  a worst  wind magnitude month w a s  chosen, then only the  March 
winds would be used. 

A s  w a s  t r u e  f o r  s t r u c t u r a l  design i n  c o n t r o l  system optimiea
t i o n ,  only a complete system a n a l y s i s  w i t h  complete wind s t a t i s t i c s  is  
accep tab le .  To d a t e ,  t he  b e s t  and most a c c u r a t e  approach uses many 
d e t a i l e d  wind p r o f i l e s  f o r  i npu t .  Here aga in ,  the choice of which 
p r o f i l e s  t o  use depends upon the design philosophy. The most econom
i c a l  approach appears t o  be the use of the s y n t h e t i c  p r o f i l e  w i th  g u s t  
f o r  a prel iminary de t e rmina t ion  of t he  optimum g a i n s ,  using the  ind iv id 
u a l  p r o f i l e s  f o r  f i n a l  adjustment  and v e r i f i c a t i o n .  

The most s i g n i f i c a n t  impact on philosophy appears  t o  be i n  t h e  
a r e a  of f l i g h t  o p e r a t i o n s .  The danger of wind-biasing t r a j e c t o r i e s ,  
based on wind magnitude, is  ev iden t .  The l a r g e  in f luence  of turbulence 
on the  load i n  the s p a c e c r a f t  could be d i s a s t r o u s  i f  a wind d i r e c t i o n  
r e v e r s a l  (opposi te  t o  b i a s  d i r e c t i o n )  occurred s imultaneously w i t h  a 
h i g h l y  t u r b u l e n t  wind p r o f i l e .  Wind-biased t r a j e c t o r i e s  m u s t  be used , 
t h e r e f o r e ,  i n  terms of t he  p r o b a b i l i t y  of t he  p e r s i s t e n c e  of wind d i r e c 
t i o n  f o r  launch d a t e .  

S e t t i n g  of emergency d e t e c t i o n  system l i m i t s  f o r  a s t r o n a u t  
s a f e t y  r e q u i r e s  the most r e f i n e d  v e h i c l e  model and wind d a t a  a v a i l a b l e .  
Since a b o r t  o r  near-abort  cond i t ions  occur , in  general , , for  some component 
f a i l u r e  mode, the t o t a l  t r a j e c t o r y ,  v e h i c l e  dynamics, and c o n t r o l  system 
must be simulated s imultaneously.  Because s o  many v e h i c l e  responses 
e n t e r  i n t o  the  s t r u c t u r a l  f a i l u r e ,  the u n i t  compressive and t ens ion  load 
f o r  t h e  weakest s t a t i o n  must be used as a c r i t e r i o n  f o r  s e t t i n g  a b o r t  
l i m i t s .  U s e  of any o the r  c r i t e r i a  would be misleading because of t h e  
r a p i d l y  changing r e l a t i o n s h i p s  be tween response parameters during m a l  -
f u n c t i o n s .  Generation of t h e  u n i t  loads s imultaneously w i t h  the t o t a l  
s imu la t ion  produces the  c o r r e c t  phasing between these  r a p i d l y  changing 
response cond i t ions ,  thus producing the a c t u a l  load experienced, and a 
more a c c u r a t e  r e d - l i n i n g  of instruments .  Since t iming is c r i t i c a l  f o r  
s a f e t y ,  knowledge of t he  in f luence  of t he  t o t a l  wind f i e l d  is  a neces
s i t y ,  e s p e c i a l l y  s i n c e  t h e  in f luence  of t h e  wind on bending dynamics 
response is high. 
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Prelaunch wind monitoring i s  becoming an accepted procedure 
f o r  making launch d e c i s i o n s .  The use of r i g i d  body r e p r e s e n t a t i o n  f o r  
v e h i c l e  dynamics is not  adequate;  t o t a l  e l a s t i c  body must be used. 
Since t h e  d e t a i l s  o f  t he  wind turbulence has i t s  g r e a t e s t  impact on 
t h i s  ope ra t ion ,  t hey  m u s t  be a c c u r a t e l y  inco rpora t ed .  Accuracy of 
s imula t ion  and wind inpu t  does n o t ,  however, a s s u r e  good launch dec i 
s i o n s .  These can only be adequa te ly  determined by comparing the  induced 
u n i t  load (compressive and t ens ion )  f o r  weak s t a t i o n s  versus  t h e  v e h i c l e  
c a p a b i l i t y .  The f a l l a c y  of using any c r i t e r i a  o t h e r  than u n i t  loads w a s  
c l e a r l y  shown i n  the  response t o  t h e  most s e v e r e  p r o f i l e s .  

CONCLUSIONS 

The u s e  of t o t a l  v e h i c l e  dynamic model i n  conjunct ion wi th  a com
p l e t e  s t a t i s t i c a l  r e p r e s e n t a t i o n  of t h e  wind f i e l d  (magnitude, s h e a r ,  
g u s t )  is necessa ry  f o r  s t r u c t u r a l  des ign ,  c o n t r o l  system op t imiza t ion ,  
and f l i g h t  o p e r a t i o n s .  The in f luence  of wind turbulence was shown t o  
be a f u n c t i o n  of t h e  v e h i c l e  e l a s t i c  body c h a r a c t e r i s t i c s ,  having 
in f luence  on the  load where e l a s t i c  body e f f e c t s  were h igh .  

George C .  Marshal l  Space P l i g h t  Center 
Nat ional  Aeronautics and Space Adminis t ra t ion 

Hun t sv i l l e ,  Alabama, November 20, 1968 
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Miscellaneous D e f  in i t lons  

j =1 

Control Frequency 
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Control Frequency Damping 

Rigid Angle of Attack 
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a =  cp - Y + W  v v 
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FIGURE 1A.  VEHICLE RESPONSE FOR WIND (2/15/65 a t  9:13 P.M.) 
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FIGURE 2A. VEHICLE RESPONSE FOR WIND (2/15/65 a t  9:13 P.M.) 
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